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ABSTRACT OF DISSERTATION

SYNTHESIS AND CHARACTERIZATION OF CARBONACEOUS PARTICLES
FROM XYLOSE AND SOYBEAN RESIDUALS

Carbonaceous materials, especially in micro and nanoscale, are useful in optical,
energy storage, electronic, and biomedical devices or technologies. Techniques have been
developed for preparation and modification of the carbonaceous materials, while it is still
challenging to tailor the properties of carbonaceous materials effectively and economically.
Laser is a powerful tool in academic and industrial laboratories, which also plays important
roles in the preparation and modification of high-performance carbonaceous nanomaterials.
In this study low-cost hydrothermal synthesis, high-temperature annealing, and
Laser ablation (LAL) methods are developed to prepare functionalized carbon
nanomaterials and modify their electrochemical and optical properties.
Sub-micro hollow carbon spheres are synthesized via hydrothermal carbonization
and high-temperature activation without any templates. Good capacitive properties are
obtained after activation. The electrochemical properties of the activated carbon spheres
depend on the media of the activation. The capacitance of the activated carbon spheres
significantly increases with the addition of water as an activation agent.
Carbon dots (CDs) are synthesized via a facile and economic hydrothermal (HTC)
process using both small-molecule sugar (Xylose) and ground soybean residuals as
precursors. The photoluminescence (PL) properties of the as-prepared and further-treated
CDs are systematically studied. For the xylose-synthesized CDs, the initial green PL
emission disappears after high-temperature treatment at 850 ℃ for 2 h. With further LAL
treatment in NH4OH solutions, the PL emission is re-acquired, and a blue shift in emission
is observed. Thus, the LAL is found to be an effective method to modify the CDs and their
PL properties. For the nitrogen-doped soybean waste-derived carbon particles, they show
strong blue emissions, which essentially disappear after 850 ℃ annealing for 2 hours in an
argon flow. Then, PL appears again after laser ablation in a 10% NH4OH solution. The
conversion from the blue emission to no emission and then back to blue emission again
implies the effect of the functional groups on the PL properties of the CDs.
KEYWORDS: Carbon materials, Carbon dots, Photoluminescence, Electrochemical,
Capacitance
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CHAPTER 1 INTRODUCTION AND BACKGROUND
1.1

Carbon materials introduction

Carbon is one of the most widespread and versatile elements in nature and is
responsible for human existence. Carbon has been playing an important role in our daily
life and scientific research. As we know, carbon materials have been utilized since ancient
times in nature products as biomass coalification to today’s fossil fuel manufactured as
main energy sources.
Nature offers us abundantly different carbon structures and functional materials in its
wide variety of raw materials including carbohydrates, nucleotides, and proteins. Biomass
is the most abundant renewable resource on the earth. An approximate estimation of
terrestrial biomass growth amounts to 118 billion tons per year.1 About 14 billion tons of
biomass per year are produced in agricultural cycles, and out of these about 12 billion tons
per year are essentially discharged as a waste. Obviously, there is enough biomass available
with almost no cost to be used in different fields, like fermentation2, catalytic liquefaction3
and hydrothermal treatment.
Humans have been using carbon since the early times of our civilization. Carbon
exists in nature in different allotrope forms from diamond, graphite to amorphous carbon.
With the development of new technologies and the demand of new properties for
carbonaceous materials, a large number of carbonaceous materials with well-defined
micro/nano-structures and good performance have been prepared by various chemical and
physical methods.
1

The preparation of carbonaceous materials derived from renewable resources has
attracted increasing interests recently, not only in terms of application and economic
advantages but also with regard to a holistic sustainable approach to useful green carbon
synthesis. Nature is mastering the production of carbon from biomass and we only need to
transform it into a synthetic process. In general, green carbon means those materials that
are produced from renewable and highly abundant precursors with low energy
consumption, avoiding the generation and pollution of toxic substances to the environment.
Therefore, it is vital to reinvent the “Green Carbon” period.
The microscopic scale carbonaceous materials have attracted increasing interests
because of their novel structures. In order to gain a better understanding on the nanoscale
carbonaceous materials, we need to identify their structural differences. The dimensionality
of nanoscale carbon materials can be divided into the following types. The spherical
structures of carbon nanomaterials are generally considered as 0-dimensional (0 D) when
their shape is not concerned, which are called carbon dots.4 As for 1-dimensional (1 D)
carbon materials, the common form includes ultrathin nanowires and carbon nanotubes.
Graphene is the most common 2-dimensional (2 D) carbon materials. Graphene is a kind
of one-atom-thick single layer sheet made of pure carbons in a sp2 hybridization. A typical
example of 3-dimensional (3D) carbon structure is nanodiamonds in a sp3 hybridization.
In addition, there are some amorphous carbons. Besides the size influence on the properties
of products, the shape of the carbon materials may also play an important role in the
function of products.

2

Carbon dots (CDs) have attracted increasing interests recently due to their unique
structures and characteristics. Compared with traditional quantum dots, such as heavy
metals-derived semiconductor nanomaterials, CDs exhibit various advantages. For
instance, the toxicity of CDs is low, with high physical and chemical stability, and easy to
prepare with a low cost. Moreover, with good optical and electrochemical characteristics
and excellent biocompatibility, CDs have been widely
electrocatalysis for

used

in nanotechnology,

oxygen reduction,5 metal ion detection,6 and biosensing and

bioimaging.4 In addition, CDs are also good materials for the basic scientific researches on
the mechanisms of photoluminescence (PL) properties.

7–11

Photoluminescence is the

emission of light from electronically excited states that occurs spontaneously after the
substance has absorbed light or other radiation. In order to extend applications of CDs, an
in-depth understanding PL mechanisms of the CDs is crucial. Hence, considerate efforts
have been devoted to study their mechanisms. Although CDs with adjustable PL properties
have been successfully prepared, the corresponding mechanisms are still debatable and
even contradictory. When different as-prepared materials with complex compositions were
studied together, the proposed PL mechanisms were not convincing due to too many factors
influencing the luminescence processes, particularly the different synthesis conditions that
research groups used.12
Four reasonable factors are confirmed through recent studies of the influence in PL
properties of CDs: (1) the quantum confinement effect or conjugated π-domains
determined by the carbon core; (2) the surface state determined by synergistic hybridization
of the carbon backbone and the connected chemical groups; (3) the molecular state
3

determined solely by the fluorophore connected on the surface or interior of the carbon
backbone; (4) the crosslink enhanced emission (CEE) effect.13,14 The electron-hole pairs
are trapped into localized states and through the recombination of energy the bandgap
between the ground state and an excited state contributes to the size of sp2 clusters or
conjugated π-domains. Quantum confinement effect is a size effect, explaining that the
CDs of different sizes exhibit different band gaps. Theoretically, the CDs of a smaller size
exhibits a larger bandgap and hence a shorter-wavelength emission. Functional groups can
have a series of emissive traps due to various energy levels. A surface state emissive trap
can dominate the emission when a certain wavelength is used. It is reported that a higher
degree of surface oxidation on the carbon nano-dots can generate more surface defects,
resulting in a red-shifted emission.13 Molecular state is the PL center formed solely by
fluorophore connected with the surface or interior of the carbon backbone and emitted PL
directly. CDs with molecule state are prepared by small molecular carbonization methods
under low reaction temperatures. A specific type of CDs prepared by non-conjugated
polymer through dehydration, condensation, carbonization, or assembly routes, forms
carbon cores or the fluorophores. The PL is enhanced because of the decreased vibration
and rotation in such cross-linked polyethyleneimine (PEI)-based CDs. This type of CDs
shows temperature-dependent properties since the cross-linked skeleton can decrease the
vibration and rotation of amine-based center in the CDs.
Therefore, owing to various different precursors, synthetic conditions and techniques
that influence in the preparation process, the exact mechanism remains an open question
and requires long-term and in-depth explorations in the future.14
4

On the other hand, biomass-derived carbonaceous materials have attracted significant
scientific attention because of the easy availability of the raw materials in the energy
storage field. Nitrogen doping in the carbon framework has increased the scope of the
applicability of porous carbon materials in several fields, including the field of
supercapacitors. Various carbonaceous materials, for instance, carbon spheres,
nano-onions,

16

graphene,

17

carbon nanotubes,

18

activated carbons,

19

15

carbon

also have been

utilized as active materials in electrochemical energy storage with hydrothermal treatment
and/or thermal annealing, exhibiting good electrochemical performance. Hydrothermal
treatment is a feasible and economical method to produce large amount of micro/nanoscale carbon spheres with controllable sizes using biomass as precursors. An
electrochemical capacitor (supercapacitors) is a device that stores electrical energy in the
electrical double layer (EDL) that forms at the interface between electrolytic solution and
electronic conductor, indicating higher charge and discharge rates, better cycle life and
higher energy densities compared to traditional dielectric capacitors and lithium-ion
batteries.19,20 The characteristics of the EDL are dependent on the electrode surface
structure, the composition of the electrolyte, and the potential field between the charges at
the interface. High-surface-area carbon is a good candidate for supercapacitors due to the
large surface area wetted by an electrolyte, the high electronic conductivity and chemical
and electrochemical stabilities with a low cost.21 In order to meet the demand of
supercapacitors with high-energy and high-power densities, the electrochemical
capacitance of carbon materials need to be further improved. Activated carbons are the
most widely used electrode materials due to their large surface areas, low cost, easy
5

processability, relatively inert electrochemistry, controllable porosity and electrocatalytic
active sites for a variety of redox reactions.

20,22

Different activation methods have been

conducted to enhance the capacitance of carbon materials through chemical or physical
activation. A large amount of efforts has been devoted to the control the specific surface
area and the pore size to ensure good performance of supercapacitors in terms of both
power delivery rate and energy storage capacity. Hydrothermal carbonization is an
effective approach for the conversion of bio-wastes and biomass into micro/nano-scale
carbon spheres and then via further chemical or physical activation produce useful
activated carbon used as carbon material on the electrode of supercapacitors.
In my dissertation, Chapter 1 provides the background and motivation of the study.
Chapter 2 is the literature review, covering the previous work on the approaches for the
fabrications of carbon materials, their applications and various techniques of
characterization. In Chapter 3, the xylose-derived carbon dots are studied with the
combination of hydrothermal carbonization, high temperature annealing and laser ablation.
Chapter 4 focuses on the top-down hydrothermal treatment on the soybean residuals
resulting strong blue PL emissions, and reversely to traditional method of passivation
process the functional groups is removed and “retrieved” again by laser ablation in different
concentrations of NH4OH solutions. Chapter 5 investigates the capacitance of soybean
residuals synthesized hollow structured carbon materials without any template under
different types of gas flow. Chapter 6 is the summary of this dissertation and the future
work.
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CHAPTER 2 LITERATURE REVIEW
2.1 Techniques of fabricating of carbon materials
In this dissertation, the research focuses on the preparation of carbon dots (CDs) and
activated carbonaceous materials (ACs) and their applications. Herein, the processing
approaches of different functionalized carbon dots and carbon materials with good
electrochemical properties are introduced based on the literature reviews.
2.1.1

Top down approaches to produce CDs

2.1.1.1 Electrochemical synthesis

The electrochemical synthesis is a chemical cutting process of carbon materials such
as graphite, carbon nanotubes, or carbon nanocrystals by an electric field.

23

The size of

CDs prepared via electrochemical method can be easily tuned through parameter
adjustment during the processing, like the diameter of carbon nanotubes, the electric field,
the concentration of the supporting electrolyte, and temperature. 24 The advantages of the
electrochemical method are low cost and easy manipulation.
For instance, Zheng et al.

25

electrochemically produced water-soluble carbon

nanocrystals (CNCs) from a graphite rod, which displayed electrochemiluminescence
(ECL) during their preparation. A graphite rod as working electrode, a Pt mesh as counter
electrode, and an Ag/AgCl as reference electrode assembly immersed in a pH 7.0
phosphate buffer solution. When cycling between −3.0 and +3.0 V at 0.1 V/s, the color of
the electrolyte solution is changed from colorless to yellow and eventually became dark
7

brown. High resolution transmission electron microscopy (HRTEM) results showed that
two kinds of spherical CDs were produced with average sizes of about 20 and 2 nm, which
were separated using a 10 kDa cutoff membrane. Based on their strong and stable ECL
emission, good stability, low cytotoxicity, excellent water solubility, easy labeling, and
environmental friendliness, the as-produced CNCs exhibit promising applications in the
development of new types of biosensors and display devices in the future. The requirement
for expensive systems and carbon precursor scale limits are disadvantages.

2.1.1.2 Oxidation
Carbon nano-powder 26 and three types of activated carbon 27 (coal, wood and coconut)
could be oxidized by re-fluxing in an aqueous nitric acid solution. Nitric acid can easily
etch the activated carbon with amorphous structure into individual CDs. Then in order to
increase the PL quantum yield (QD), primary produced CDs need to undergo surface
passivation treatment, resulting in strong multicolor photoluminescent properties for a
large scale production. As-prepared amorphous CDs are well dispersed and have a similar
size with the size distribution in the range of 2–6 nm measured by TEM images. COS7 cells were incubated with the CDs for 24 h and then the COS-7 cells became bright,
indicating the CDs had penetrated into the cells. Moreover, even after 10 min there was no
reduction on photoluminescence intensity of the labelled cells, exhibiting excellent
properties for bioimaging applications. CDs have also been prepared by the oxidation with
large productivity, however, the requirement for a large amount of a strong acid and the
tediousness of processes create problems for their applications.
8

2.1.1.3 Laser ablation method

Laser ablation of a solid target in a liquid (LAL) environment has been widely used
in preparation of nanomaterials and fabrication of nanostructures. Specifically, LAL of a
carbon target such as pure glassy carbon plate,

28

graphite 29, and a mixture of graphite

powder and cement, 10 immersed in water or in the presence of water vapor with argon as
carrier gas produces CDs, which probably need further purification and functionalization
for special applications. The size of obtained CDs by LAL is generally in nanometers. At
first, pulse laser penetrated in the liquid and then was absorbed by the target leading to the
start of the detachment of the ablated materials, while shockwaves and a plasma plume
formed. At 10-10 to 10-7 s, plasma plume starts to expand and quench. At 10-6 to 10-4 s, with
expansion and collapse of cavitation bubbles, nanomaterials are formed by nucleation and
growth. When t>10-4 s, the process of nanomaterial agglomeration and growth is going
after the shockwave generated by the collapse of cavitation bubbles. The surface oxidation
can occur at this stage to change or keep their initial compositions. The formation
mechanism of CDs is related to the high temperature and high pressure generated during
laser ablation and liquids used in LAL. 30 LAL is simple, one-step and fast approach for
synthesis of carbon particles.
Laser ablation of solid in different media has gained increasing interest in recent years
for its simple set up, which is a well-known “green” 31 technique (no chemicals needed and
less byproduct formation) to fabricate functional nanostructures with various compositions
and morphologies depending on the medium and target. For instance, laser deposition is

9

also used to produce thin films in a vacuum chamber or an inert gas environment. Also,
pulsed laser is used to produce diamond nanocrystals from graphite in water29.
Laser irradiation is generally used to synthesize nanoparticles with their initial composition,
which is called physical or chemical modification that introduces new functional groups
for synthesizing new compounds.

Figure 2. 1 Schematic illustration of the formation of nanoparticles by laser ablation in
liquid.
The ablation of a solid target immersed in liquid is very complex process.

31–33

Generally, the incident laser pulse penetrates on the surface of bulk target, forming a strong
plasma plume consisting of ions and electrons at high temperature and high pressure. Then,
the emission of shockwave expanded while the formation of ion cluster, with the plasma
suddenly on a time scale of the order of hundreds microseconds

30

of cools down and

release energy to the surrounding liquid. It is accompanied by the interaction with liquid
10

producing nanoparticles in liquid with certain functional nanostructures as shown in Figure
2.1.
There are two controllable categories of parameters to easily tune the phase, shape
and pattern of synthesized nanomaterials during laser ablation process in liquid. The first
type is the target parameters, including different bulk targets, solvents and solutes, the
height of the solution above the target, and system temperature and pH. The second type is
the laser parameters, such as laser wavelength, frequency, power, pulse duration, repetition
rate, spot size, and ablation time.
Laser ablation in liquid is a fast and clean technique to prepare homogenous
nanomaterials and fabricate nanostructures of new compounds. Laser ablation in liquid is
a promising technique for fundamental research in optical properties

28

and potential

applications in sensors 34,35.
Chen et al.28 produced carbon-nanoparticle colloids by using nanosecond Nd: YAG
laser ablation of a pure glassy carbon plate immersed in de-ionized water. The laser
parameters they applied were 532 nm wavelength, 10 Hz repetition rate, 0.8 J/cm2 fluence
and 7 ns pulse duration. Finally, amorphous nanoparticles ranging from 10 to 20 nm were
fabricated with strong optical limiting properties.
Yang et al.29 synthesized nanocrystalline diamond by using Nd: YAG, 532 nm pulsed
laser ablation of a graphite target in 5-10 ml deionized water with a depth of 5 mm. The
parameters of laser were 532 nm, 28 J/cm2, 15 ns pulse length and 0.5-1 h ablation time,
resulting in a pale yellow suspension of nanoparticles with 100 nm in size, a mixture of
amorphous carbon and graphite and a small amount of faceted crystalline nanostructures.
11

In conclusion, they proposed that two plasma regions were produced during the laser
ablation process by optical emission spectroscopic measurements and that H element was
required for diamond growth although the yield of nanodiamond particles was only 5%.
2.1.2

Bottom up approaches to produce CDs

2.1.2.1 Microwave-assisted synthesis

Carbon source and nitrogen source, for instance, ammonium citrate dibasic is
dissolved in deionized water and heated in a 800 W microwave oven for 40 s. 36 Upon UV
irradiation, strong blue fluorescent emission is observed from as-synthesized carbon
nanoparticles (CNPs), which displays excitation wavelength-independent and pHdependent emission properties with a high stability under high-ionic conditions. Asproduced CNPs were dispersed well with diameters in the range of 5.5 ± 1.5 nm according
to TEM images, and most CNPs are amorphous structures based on the HRTEM images
and XRD spectra. Polar groups such as carboxylic groups, hydroxyls and carbonyls at their
surface derived from starting materials in the formation of nanoparticles, allow the particles
to be soluble in water, which makes them suitable for subsequent functionalization with
various different species. This facile one-step method can be employed by utilizing a
typical household microwave oven, which is low cost, with a rapid reaction rate and onestep synthesis way to obtain bright CDs with a quantum yield of ∼20% .The cons of this
method is hard for industrialization only use domestic microwave oven.
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2.1.2.2 Pyrolysis

Photoluminescent CDs have been prepared by pyrolysis of a glycerol solvent with
reflux at ∼230 °C in atmosphere for 30 min. Mesoporous silica (mSiO2) was mixed with

as-prepared CDs and then heated to 230 °C for 30 min, yielding CDs@mSiO2. TEM image
shows the as-prepared CDs were of 5.5 ± 1.1 nm in diameter. C–C, C–O and C O
functional groups were shown through XPS analysis. The average size of CD@mSiO2 was
48 ± 5 nm in diameter. PL spectra exhibit excitation-energy-dependent and red shifted

emission upon increasing the excitation wavelength, indicating the existence of a variety
of size distribution of CDs. The author claimed that the reason of the red shift might be due
to the high-temperature pyrolysis process. Then, they demonstrated that the as-prepared
CDs nanocomposites are promising nanocomposite for controlled drug release, which can
be monitored via both time- and space-dependent fluorescence imaging. This pyrolysis
method is extremely simple and economical and provides a feasible route for mass
production of highly emissive CDs. Most of precursors in this method require surface
passivation reagents to increase their low quantum yields for carbon nanoparticles.

2.1.2.3 Hydrothermal treatment

Carbon exists in various different forms from early times in natural product of biomass
coalification to today’s HTC technique. Hydrothermal treatment is also called
hydrothermal carbonization (HTC). HTC is the most suitable and scalable technology to
process waste biomass and transform it into end-products with remarkable properties so
far. In a typical procedure the water solution of carbon source in the presence or absence
13

of additives, such as acid or alkali salt, is placed into a Teflon-lined autoclave followed by
heating at a constant low temperature (typically in the range of 180-220°C) under selfgenerated pressures for several hours. The as-synthesized black or brown suspension that
contains the product is separated using centrifugation. Biomass is carbon sources include
glucose, sucrose, starch, xylose, cellulose, and biomass derivate. The diameter of obtained
CDs are varied from nanometer to micrometer scale range with typically spherical shapes,
which depends on precursors and the parameters of hydrothermal treatment. The reaction
parameters, such as reaction temperature, reaction time, the pH value and solvent, can be
easily controlled to tune the properties of as-produced CDs. The surface of CDs is
stabilized by carboxyl, hydroxyl, amino or some other hydrophilic groups in the precursors.
This strongly facilitates their further functionalization and simplifies applications.
Hydrothermal treatment is an effective and environmentally friendly synthesis
approach to produce carbon materials with different size distributions at mild temperature.
37

There are lots of advantages of the HTC technique, such as: 38,39
(1) Carbonization temperatures are low, usually in the range of 180-250 °C.
(2) Carbonization process takes place in aqueous solution under self-generated
pressure.
(3) The as-synthesized carbon particles have oxygenated functional groups residing at
the surface with potential applications in super capacitors19, catalyst40,
bioimaging11.
The hydrothermal reactor includes two parts, the stainless-steel autoclave vessel and

the Teflon linear. Hydrothermal carbonization materials are grown via hydrothermal
14

reaction as described in the literature, 41 setting the assembled reactor in the oven at 180 °C250 ° C for several hours with aqueous solution in certain weight or volume ratios and
starting materials sealed in the reactor.
Zhu et al.

5

synthesized water-soluble, nitrogen-doped fluorescent carbon nanodots

(FCNs) through hydrothermal treatment of soy milk. Soy milk made with a household milk
maker was hydrothermally treated at 180 °C, resulting in a yellow FCNs dispersion with
excellent water solubility. While excited with 365 nm UV light, the FCNs emit a blue color.
The TEM image showed their diameters are in the range of 13-40 nm and exhibits
amorphous nature since there are no reveal clear lattice fringes. FT-IR and XPS spectra
both show C-H, O–H, N–H C–C, C–N, C–O, and C N/C O bonding and 10.39% nitrogen
content which is higher than those reported previously. In addition, the as-produced FCNs
exhibit novel applications in electrocatalysts. In an oxygen reduction reaction (ORR), they
proved that the doped nitrogen played a key role in enhancing electrocatalytic activity. In
summary, one-step hydrothermal treatment of home-made soymilk shows favorable PL
properties and good electrocatalytic activities towards ORR.
Wang et al.42 prepared stable CDs by hydrothermal treatment of glucose (glc) in the
presence of glutathione (GSH), which exhibit intrinsic fluorescence emission due to the surface
passivation. The as-produced CDs have potential applications in pH sensors or
nanothermometry devices due to the temperature dependence. Their study revealed molar ratio
of GSH and glc have no obvious effect on the fluorescent properties of resultant CDs, while the
increase of reaction time could enhance fluorescent intensity and narrower the full width at half
maximum (FWHM) of the PL spectra. In addition, it shows intense blue fluorescence under
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365 nm UV light illumination with 7.2% QY. TEM images show that the CDs particles are
spherical with an average diameter of 2.6 ± 0.2 nm and an amorphous structure. FT-IR spectra
agree well with the XPS results, showing hydrophilic functional groups on the surface of the asprepared CDs from the surface passivation with GSH. On the other hand, strong optical
responses to changes in pH range from 1 to 13.5 were observed, the reason they claimed is
that pH-induced aggregations of the as-prepared CDs result in an obvious fluorescence
quenching at high pH values. Temperature dependence of the emission spectra of the asprepared CDs shows the intensity decreases by 52% upon raising the temperature from 15 to
90 °C since by increasing temperature the aggregation of as-prepared CDs. These CDs are good
candidates for a novel luminescent thermometer and pH sensor due to their PH- and
temperature-dependent properties.
M. Härmas et. al

43

synthesized hydrochar via hydrothermal carbonization from a

granulated white sugar (GWS) aqueous solution at 200 °C for 24 hours in a high-pressure
reactor, with 38% yield after overnight drying process. The hydrochar was activated with ZnCl2
with a mass ratio of 1:4 at 700 °C and the yield is 36%. It is found that activated carbon presents
a high porosity, a Brunauer-Emmett-Teller specific surface area (SBET = 2100 m2 g−1), a
micropore surface area (Smicro = 2080 m2 g−1) and a total pore volume (Vtot = 1.05 cm3 g−1). The
measurements of electrochemical characteristics were conducted using the GWS carbon-based
electrodes in a 1 M triethylmethylammonium tetrafluoroborate (TEMABF4) solution in
acetonitrile (AN) and in a 1-ethyl-3-methylimidazolium tetrafluoroborate ionic liquid
(EMImBF4), indicating high specific series capacitance (125 F g−1 and 140 F g−1) and high
energy density (39 W h kg−1 and 48 W h kg−1). Good electrochemical performance of activated
16

carbon material derived from cheap and abundant GWS indicates promising application in the
supercapacitors with high energy and power density.
Thus, the HTC method is a simple, cost-effective and environmentally friendly method
for large-scale synthesis of carbon materials. However, spherical micro-sized particles are
generally obtained, and the size refinement still remains challenging.
2.1.3

Chemical activation to produce activated carbon
V. Subramanian et. al44 synthesized carbon materials with enhanced surface area

and electrochemical performance as electrical double-layer capacitor electrodes using
natural and renewable banana fibers treated with KOH and ZnCl2 as pore formers through
the pyrolysis process. The banana fiber carbons were prepared by mixing dry fibers with
concentrated KOH or ZnCl2 solutions at 110 °C for 5 days, following by pyrolysis at 800 °C
for 1 h under nitrogen flow. Scanning Electron Microscopy (SEM) images depict the KOH
treated carbon fibers with a loose, disjointed structure without any definite shape compared
to large aligned fibrous stacks with parts of the structure blown off of ZnCl2 treated carbon
fibers. The surface area of the 10% ZnCl2 treated sample was improved to be 1097 m2/g
and d the specific capacitance as high as 74 F/g in 1 M Na2SO4 electrolyte. In addition, 88%
Coloumbic efficiency for 500 cycles at a high current of 500 mA/g was obtained.
Denisa Hulicova‐Jurcakova et. al

45

prepared microporous activated carbon with

nitric acid and treated with melamine and urea suspension for 5 h from a coconut shell.
Then the raw samples were heated in nitrogen to 950 °C, and maintained at this temperature
for 0.5 h. The electrochemical performance was tested in 1 M H2SO4 supercapacitors. In
17

order to investigate chemical characters of the sample, Boehmtitration, potentiometric
titration, and X-ray photoelectron spectroscopy were performed, which indicates that
surface chemical structure is dependent on the type of nitrogen precursors and specific
groups present on the surface. Considering the porous structure, surface chemistry and
location of surface functional groups, it is noted that pores between 5 and 6 Å are the most
effective in a double-layer formation. The result shows the quaternary and pyridinic-Noxides nitrogen groups have enhanced capacitance due to the positive charge and improved
electron transfer at high current loads. Moreover, pyrrolic and pyridinic nitrogen along with
quinone oxygen are the most important functional groups on the effect of energy storage
performance.
N. Sudhan et. al46 prepared biomass-derived activated carbon materials through a
two-step synthesis process via carbonization followed by KOH activation of rice straw at
600 °C in an argon atmosphere. The result of N2 adsorption–desorption confirmed that
disordered micro- and mesopores carbon have a high specific surface area of ∼1007 m2 g–

1

. SEM and TEM characterizations reveal that disordered pores were formed over the

carbon surface and ultrafine carbon nanoparticles of ∼5 nm in size were formed and

aggregated after the carbonization and activation processes. The specific capacitance is 332
F g–1 and specific capacitance retention is 99% after 5000 cycles in the three-electrode cell
in aqueous electrolyte. On the other hand, it is shown that specific capacitance is up to 156
F g–1 with a high energy density of 7.8 Wh kg–1 in the fabricated symmetric supercapacitor
device in aqueous 1 M H2SO4 electrolyte.
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The excellent electrochemical performance indicates that activated carbon prepared
from cheaper and readily available rice straw could be used as a promising candidate in a
supercapacitor for electrochemical energy storage.
2.1.4

Physical activation to produce activated carbon
R. Farma et.al47 prepared green monoliths (GMs) from the mixture of KOH, carbon

nanotubes and self-adhesive carbon grains from oil palm empty fruit fibers. Then GMs
were heated at 600, 700 and 800 °C under N2 gas environment and activated under CO2
gas atmosphere at 800 °C for 1 h, resulting in activated carbon monoliths (ACMs), named
as ACM6, ACM7 and ACM8, respectively. It is found that temperature has a notable effect
on the structure, microstructure, electrical conductivity and porosity of the ACMs.
According to SEM investigation, the porous characters activated carbon monoliths were
obtained and the ACMs activated at 800 °C seem to possess the largest grain size. After
electrochemical characterization of supercapacitor cells using the ACMs as electrodes, the
ACM7 and ACM8 cells exhibit higher specific capacitance (77 Fg-1 and 85 Fg-1,
respectively), specific energy (2.2 Wh kg-1 and 2.1 Wh kg-1, respectively) and specific
power (156 W kg-1 and 161 W kg-1, respectively) compared to the ACM6 cell. They
conclude that the carbonization temperature should be close or equal to the activation
temperature for the production of higher quality ACM electrodes from carbon monoliths.
CO2 only activated porous carbon (CAC) without any other chemical reagents from
cattail biomass was obtained by facile carbonization and CO2 activation by MiaoYu et.al.48
The obtained CAC exhibits high specific surface area of 441.12 m2/g and a specific
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capacitance of 126.5 F/g in 6 M KOH solution. Furthermore, the activated carbon showed
excellent capacity to adsorb malachite green dye under their study. In addition, exceptional
electrochemical performance as supercapacitors was observed on the activated carbon,
indicating specific capacitance of 126.5 F/g when current density is 0.5 A/g and potential
is in the range of -1.0 to 0 V in a 6 M KOH solution.
Their characteristic of excellent adsorption capacities and electrochemical performance
suggested the as-prepared activated carbon could be a promising candidate for

an

adsorbent and supercapacitor.
2.2
2.2.1

Application of synthesized carbon materials

Bioapplications
As we know, carbon element is widely distributed in the nature. Carbon nanoparticles

are small, low cost and don’t have 49with bright light emission. Therefore, it has excellent
potential applications in bio-fields, such as bioimaging

50

, drug delivery

51

, biomedical

sensor 52.
Chen et. Al 51 developed nanoscale cell injection system, who use carbon nanotubes
to deliver cargo into cells. In this way, they introduced molecules into living cells to probe
the physical properties and biochemical interactions, which is very important to the study
of cell biology.
Jiang et al.

11

used three different isomers of Phenylenediamines as precursors by

solvo-thermal method producing multicolor PL CDs. When excited with singlewavelength ultraviolet-light (365 nm), strong and stable emission in three primary color20

green (o-CDs), blue (m-CDs) and red (p-CDs) was gained both in solutions and polymer
matrices. They also observed up-conversion PL emission under femtosecond pulse laser.
The emission maxima of three isomers are λ=435, 535, and 604 nm, respectively.
Transmission electron microscopy (TEM) and atomic force microscopy (AFM) were
performed and it is found that the average size of three as-synthesized materials are about
6.0 nm (m-CDs), 8.2 nm (o-CDs), and 10 nm (p-CDs) showing uniform and monodispersed
nanoparticles in approximately 2-3 nm heights. According to Fourier transform infrared
(FT-IR) and X-ray photoelectron spectroscopy (XPS) spectra, all three CDs have the same
chemical bonds and elemental compositions (C, N and O). They suggested that differences
in particles size and nitrogen contents could contribute to the different PL characteristic of
the three CDs. The mixtures of these CDs in poly (vinyl alcohol) (PVA) film was then
made, indicating potential for preparation of flexible full-color emissive film. Finally, with
low cytotoxicity as-produced CDs exhibit excellent multicolor cellular imaging capability
showing potential application in bio-imaging.
Liu et al.

53

synthesized both homogeneous and monolayer graphene quantum dot

(GQD) and graphene oxide quantum dot (GOQD) using graphite nanoparticle (GNP) with
4 nm diameter as a precursor in simple exfoliation process either in an organic solvent or
by a hummers method. GQDs are mostly monolayer with thickness between 0.5 and 1.0
nm without precipitation for a period of three months in N –methylpyrrolidone (NMP), N,N
-dimethylformamide (DMF) and except in dimethyl sulfoxide (DMSO), which are oxygen
defect-free particles. As-fabricated GOQDs mostly exist as a single layer and uniform in
size, which are around 4 nm in diameter and 0.5 nm in height. As shown in the X-ray
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photoelectron spectra and FT-IR graphs, hydroxyl, carboxyl, and weak epoxy peaks are
present on GOQDs. In addition, they found the intensity of GODs’ PL peak located in 420
nm-blue color emission was about 3.5 times higher than that of GOQDs located in 480 nmgreen color emission while the concentration of GQDs was about 10 times smaller than
that of GOQDs. Therefore, they proposed the mechanism of the difference of PL emission,
which is green emission of GOQDs originated from defect states with oxygen functional
groups, while blue luminescence of GQDs are from intrinsic states in the high-crystalline
structure.
Chen et al.

51

developed a nanoscale cell injection system-nanoinjector to deliver

cargo into cells based on carbon nanotubes. They attached a single multiwalled carbon
nanotube (MWNT) of 10-20 nm in diameter and 0.5-1.5 um in length to an AFM tip
functionalized with cargo by disulfide-based linker. The reductive cleavage of disulfide
bonds leads to the release of cargo into the cells with the control of AFM. They
demonstrated that they are capable of injection of protein-coated quantum dots into human
cells without the need for carrier solvent and no obvious cell damage. It provides a way of
delivering other biomolecules into cells in the future.
Yang et al.

54

reported a new synthesis protocol of linear two dimensional graphene

nanoribbons with 1.2 low polydispersity value and average molecular weight of 1.39*104
g/mol via bottom up method. The produced polymer is up to 12 nm in length and has a
good solubility in common solvents due to the introduction of a large number of branched
alkyl chains. UV/Vis absorption, mass spectrometry (MS), scanning electron microscopy
(SEM), TEM, and scanning tunneling microscopy (STM) were used to characterize the
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synthesized graphene nanoribbons, which show well-ordered stacking of graphene layer
with 3.4 Å d-spacing lattice. This novel synthetic method provides potential optoelectronic
applications in photovoltaic devices.
Panizza et al. 55 summarized the application of diamond electrodes to electrochemical
processes. The conductive of boron atoms doped diamond films is increased and is a
promising electrode material. In addition, with high anodic stability and wide potential
window for water discharge boron-doped diamond is an excellent material for wastewater
containing organics combustion treatment. Finally, the authors introduced that the borondoped diamond electrodes are also new possibilities for the electro-synthesis of organic
and inorganic compounds based on their special properties, such as inert, wide potential
window, the strong resistance of deactivation and high corrosion stability.
2.2.2

Sensor applications
The applications of carbon nanomaterials in chemical or biological sensors have led

to production of CNT, cyrstalline diamond and diamond like carbons (DLC) in a large
scale. With the development of these novel carbon-derived materials, the carbon materials
play more and more important roles, as they are cheap, have chemical functionalities and
can be easily composited with inorganic nanoparticles.
Photoluminescent CNPs containing distinctive catechol groups on their surfaces via
HTC synthesis method by Qu et al. 6 can be used as Fe3+ ions sensor with pretty sensitive
and selective detection as low as 0.32 uM and 68 nM. Without any further chemical
modification, the as-prepared CNPs exhibit high sensitivity and selectivity toward Fe3+
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than other metal ions, showing simplicity and cost efficiency in biological and
environmental application. Most methods listed above are usually expensive or produce
second waste to environment for removing any metal or organic contaminant in water. In
order to find a low-cost option to remove both metals and organics, recently the technology
of adsorption is feasible.
2.2.3

Adsorption of pollutants from water
Various methods were performed on water treatment in order to get a better

environment or water quality, including chemical precipitation, ion exchange, membrane
filtration, electrochemical method and adsorption and so on. Most methods listed above
are either expensive or not effective to get rid of metal and organic contaminants well. As
we know, water pollution by heavy metals is known to be a serious worldwide
environmental problem with significant impact on living organisms and the environment
due to their high toxicity and non-biodegradability, tending to bio-accumulate through the
food chain. Here, science field found adsorption is a low cost and efficiently technology to
remove both metals and organics.
Hydrothermal carbon materials were studied for metal and organic pollutants removal.
Activated carbon is normally used to do water treatment since they have large specific
surface area and pore size, as well as high chemical and thermal stability, which is now
commercially developed.
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Chen et. al 56 fabricated carbonaceous nanofiber (CNF) membranes functionalized by
beta-cyclodextrins. (CNF-β-CD membrane), which exhibits remarkable capability as
molecular filter. In addition, it also shows high adsorption capacity for fuchsia acid removal.
2.2.4

Electrocatalysis
The development of sustainable HTC-based carbon catalysts either as supports or as

catalysts with intrinsic properties for both methanol electro-oxidation at the anode as well
as well as on the oxygen reduction reaction at the cathode. Electrocatalysis is usually
conducted in fuel cells, while electrochemical devices convert energy from a fuel into
electric energy. The novel and alternative catalysts with a lower production cost and better
efficiency then the traditional ones are the main driving force in fuel cells.
Zhu et. al 5 produced bifunctional fluorescent carbon nanodots via soy milk, showing
not only favorable photoluminescent properties, but also exhibiting good electrocatalytic
activity towards oxygen reduction reaction.
2.2.5

Energy storage
As decreasing availability of fossil fuels and increasing demand on sustainable and

renewable resources, innovative materials chemistry has been made in energy conversion
and storage, for example, the introduction of the rechargeable lithium battery, development
of supercapacitors and the emerging new and high energy density technologies such as LiS and Li-air batteries. These materials should be easy to prepare, cheap and derived from
renewable resources, if possible. High-performance green materials like hydrothermal
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carbons from biomass should have specific characteristics and be designed for performing
specific tasks, either as electrode materials for lithium-ion batteries and supercapacitors,
catalysts for oxygen reduction reaction in fuel cells or host materials for hydrogen storage.
Sun et al. 19 prepared activated carbons from raw hemp through a processing route of
a hydrothermal treatment followed by a chemical activation, exhibiting excellent
electrochemical performance while used as the electrode materials of the supercapacitor
cells. The materials they prepared exhibit a high specific capacitance of 160 F/g and 19.8
Wh/Kg in energy density at a power density of 21 kW/kg with controlling the experimental
conditions, which is low-dimensional structures with high surface area and large fraction
of mesopores proved by SEM images. Their study provides an economic and effective
method to prepare electrochemically active materials of high-performance from low cost
biomass and biowastes.
Gamby et. al 57 tested electrochemical behavior of different carbon powders obtained
from the PICA Company in terms of specific capacitance and cell resistance. The samples
were named as PICA A, B, C, D, E and PICACTIF SC, and their specific surface area, pore
size distribution (PSD) and resistivity measurements were performed. Supercapacitor cells
were built by assembling two 4 cm2 electrodes with the composition of 95% activated
carbon and 5% binder (carboxymethylcellulose and Polytetrafluoroethylene(PTFE)).
PICACTIF SC carbon was found to have a specific capacitance of 125 F/g and a series cell
resistance of 3.5 Ω cm2 in TEAMS 1.7 M in AN. Due to an increase of the mesoporous
volume of the carbon, an interesting behavior of PICACTIF SC carbon was observed under
porosity measurements. The decrease of the frequency dependence of the real part of the
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impedance is confirmed by electrochemical spectroscopy impedance measurements. They
conclude that PICACTIF SC carbon seems to be a suitable active material for
supercapacitor applications.
Caihong Liu et al. 58 investigated surface functionalization of activated carbon (AC)
powder as the cathode for Lithium ion capacitors (LICs) with non-aqueous electrolytes.
They present solution chemistry treatment is an effective way to impart pseudocapacitance,
resulting in the increase of the specific capacitance of the AC powder. Due to the surface
functionalization, the specific capacitance increased from 18-35 F/g to 80-140 F/g, and the
capacitance of AC is increased by 3 times. These results indicate the existence of redox
reactions and their great potential could enhance the capacitance of LICs. The mechanism
of enhancement of capacitance is mainly ascribed to the pseudocapacitive redox reaction
on the C=O sites. Their work could provide a new route to increase the specific capacitance
of low-cost and widely-used AC powder for Li-ion capacitors.
2.3

Motivation

For my project, I chose xylose as a precursor for bottom up method study and soybean
residual for top down method study. In general, waste biomass was converted into end
products with remarkable optical and electrochemical properties based on bottom up and
top down methods.
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2.4

Characterization

Several characterization methods have been utilized to study and understand the
optical and electrochemical properties of the products.
2.4.1

X-ray diffraction (XRD)
Powder XRD is the most important technique by far for identifying crystalline

materials based on Bragg’s law (nλ=2d sin θ). The structure of materials, like unit cell or
average crystal structure can be determined by the diffraction technique.59
Two main parameters can be collected from a powder XRD pattern, the d-spacing of
the lines and their intensity. Assigned h, k, l indices to all lines in the powder diffraction
pattern, and obtain the unit cell symmetry and dimensions simultaneously. 59
The XRD data were collected with Cu Kα radiation (1.5418 Å) from 10° to 90° (2θ).
Then the XRD patterns were compared with standards from the database or indexed using
simulations calculated with CrystalMaker software.
2.4.2

Scanning electron microscope (SEM)
SEM is a microscope that uses electrons to form an image, which is designed for

directly studying of the surfaces of solid objects, providing information of surface
topography, crystalline structure and chemical composition of specimen.
The main components of the SEM are the signal generation, signal detection and
display systems. Due to the interaction between electrons and specimen, signals such as
secondary electrons, backscattered electrons, and X-radiation are generated. Depending on
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the selected detection system the SEM images provide a variety of information. The special
resolution of SEM can reach to 1 nm, whereas 0.2 μm for optical microscopy. Therefore,
SEM is useful to determine surface topography, crystalline structure, chemical composition
and electrical behavior with high resolution. 60–65
Because traditional SEM utilizes vacuum condition to form images, special
preparations must be done to the samples. For instance, all water must be removed from
the samples, and all samples need to be conductive. A thin layer of conductive material is
needed to be deposited on non-conductive materials.
High-resolution, three-dimensional images captured by SEM provide topographical,
morphological and compositional information make them invaluable in a variety of science
and industry applications. 66,67
2.4.3

Raman and Fourier transform infrared (FT-IR)
The importance of vibrational spectroscopy has been found these years on several

techniques, such as mid-IR, near-IR and Raman spectroscopy, which could provide
molecular structural information based on molecular vibrations.

68

These two complementary techniques provide rapid and accurate quantitative analysis
for a very wide range of molecules. The Raman scattering technique derives from an
inelastic light scattering process. With Raman spectroscopy, a laser photon is scattered by
the sample molecule and loses energy during the process. The amount of energy lost is
taken as a change in energy of the irradiating photon. This energy loss is a characteristic
for a particular bond in the molecule.68,69 Depending upon instrumentation, Raman
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technique can be used for the analysis of solids, liquids and solutions and can even provide
information on physical characteristics such as crystalline phase and orientation,
polymorphic forms, and intrinsic stress. 70–73
With infrared spectroscopy, the radiation is absorbed by samples during the process,
leading to the change in dipole moments on vibrational energy level of molecules. 74,75 FTIR is a fundamental instrument replacing the monochromator with Michelson
interferometer, which is much faster than conventional infrared spectroscopy.76,77
2.4.4

Fluorescence and ultraviolet-visible (UV-Vis) spectroscopy
Fluorescence is photon emission process when molecules relaxed from electronic

excited stated after absorbing light or other radiation s in the order of pico- or nano-seconds
to the electronic ground state. If some energy lost as heat or some other non-radiative
process during relaxation process longer wavelength emission is obtained. 78
In general, instruments have been designed to measure fluorescence intensity,
spectrum, life time and polarization sensitively. All fluorescence instruments contain three
basic components: light source, sample holder and detector.

79,80

Lamp sources such as

xenon arc lamps 81 are the most common light source in fluorometers providing very broad
range of continuous spectrum from ultraviolet to the near infrared range. Sample holders
are designed to keep the specimen of interest in certain orientation, like cuvette with
solution. Once photons are emitted from an excitation state, the sensitive detector would
collect all signals to form a spectrum. Photomultiplier tubes

79

are used in commercial

fluorescence instruments. Fluorescence has generated much interest for a wide of
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promising applications in biology and medicine

82,83

, food science

84

, environmental

protection 85 and others.
UV-Vis absorption spectroscopy is the measurement the difference of a beam of light
passing through a sample. 86,87 Absorption of photons with a certain frequency that matches
the energy difference between electronic states of molecules cause a transition between
the ground state and excited states separated by energy gap ∆E. 87
A UV-Vis spectrometer is used to measure the intensity of absorption versus
wavelength, when the specimen is irradiated with the electromagnetic radiation varied over
a range of wavelengths located in the UV-Vis range (wavelength in 200-900 nm). The
wavelength of maximum absorbance λmax is proportional to ∆E. UV-Vis spectrometer is
used to determine the sample’s structure and functional groups based on n-π*, π-π*
transitions.
2.4.5

X-ray photoelectron spectroscopy (XPS)
As we know, most interactions with the surroundings take place in the surface of

materials. Therefore, the importance of XPS is arising more and more interest, which is a
technique for analyzing the surface chemistry of materials. The elemental compositions,
chemical states and electronic states of the elements within materials can be obtained using
XPS. 88 A solid or liquid’s surface layer is defined by different materials, their environment
and the property of interest, the most common definition is outer or topmost boundary of
an object

88

from one atomic layer (0.1-0.3 nm) to many hundreds of atomic layers (100

nm and more).
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The photoemission process is occurring when X-ray photon is absorbed by an atom
or molecule and then an electron can be ejected by incident X-ray with energy hv. The
kinetic energy (KE) that remains on the emitted electron is quantitatively measured. As we
know, binding energy (BE) is depending on photon energy (hv) and the kinetic energy (i.e.,
BE=hv-KE). By measuring the KE of emitted electrons, it is possible to determine which
elements are on the surface of materials of interest, as well as their chemical states. 89–91
2.4.6

Quantum yield and lifetime measurement
Quantum yield (QY) is used to indicate the efficiency of the fluorescence process,

which can be determined experimentally using steady state spectroscopy and can be
expressed by the following equation, 92–94
number of emitted photons

𝐾𝐾𝐾𝐾𝐾𝐾

QY= number of absorbed photons = 𝐾𝐾𝐾𝐾𝐾𝐾+𝐾𝐾𝐾𝐾

where Knr is the overall non radiative rate, and Kr is the radiative rate.
Another parameter of interest is the fluorescence lifetime, which is the evaluation
of how long on average a molecule spends in the excited state, or more exactly speaking,
how long it takes to decay to 1/e of its original intensity (I0).95–98 The equation can be
expressed as below,

I = I0e-t/τ, τ =

1

𝐾𝐾𝐾𝐾𝐾𝐾+𝐾𝐾𝐾𝐾

where τ is the fluorescence lifetime and can be related to the radiative and non-radiative
rate constants. Here, the fact is the fluorescence lifetime is an absolute measurement while
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the intensity taken from the emission spectrum is only a relative value which depends on
the number (concentration) of molecules present.

2.4.7

Electrochemical characteristics measurement
Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were

performed on a Princeton electrochemical workstation (PARSTAT MC). Cyclic
voltammetry (CV) is used to measure electrochemical properties of as-synthesized carbon
particles. A three-electrode system is utilized in my work, which consists of a counter
electrode (CE), a working

Figure 2. 2 Electrochemical characteristics measurement setup consisting of a counter
electrode (CE), a working electrode (WE), and a reference electrode (RE)
electrode (WE) and a reference electrode (RE), as shown in Figure 2.2. The three electrodes
are all immersed in a 1M potassium chloride (KCl) solution. A cycling potential is applied
to the working electrode versus the reference electrode, and during the potential cycling,
the electric current between the working electrode and the counter electrode is measured.
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Impedance is a measure of the ability of a circuit to resist the flow of electrical current.
Electrochemical impedance is generally measured by applying an AC potential to an
electrochemical cell and then measuring the current through the cell. The frequency
dependence of this impedance reveals underlying chemical processes and their response of
cell is nonlinear. Several physical electrochemistry has influence on the electrochemical
impedance, such as the electrolyte resistance that depends on the ionic concentration, the
type of ions, temperature, and the geometry of the area in which the current is carried;
double layer capacitance that depends on many variables (such as the electrode potential,
temperature, ionic concentrations, types of ions, electrode roughness and impurity
adsorption); polarization resistance; charge transfer resistance and diffusion.99–102
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CHAPTER 3 NITROGEN-INDUCED SHIFT OF PHOTOLUMINESCENCE OF
XYLOSE-DERIVED CARBON DOTS FROM GREEN EMISSION TO BLUE
EMISSION
3.1

Introduction

Multicolor photoluminescent (PL) materials have attracted great interest because of
many potential applications

103

. Many multicolor PL materials, including semiconductor

quantum dots and fluorescent organic dyes usually contain heavy metals of high-toxicity,
which can cause severe environmental concerns. Also, poor water solubility and
complicated preparation procedures have limited their practical applications. These have
stimulated the interest in the synthesis of photoluminescent carbon-based materials like
carbon dots (CDs) 4, which are heavy-metal-free and low-toxicity and

6,52,104–106

, for the

applications in nanotechnology, bio-sensing, bio-imaging, etc.4
To date, various methods have been developed to synthesize CDs from different
precursors, including pyrolysis, electrochemical synthesis, microwave-assisted synthesis,
and hydrothermal treatment and laser-ablation 108–111, while the precursors can vary from
simple components or chemical mixtures to biomass. To improve the water solubility
and/or luminescence properties of CDs, some methods likely involve tedious purifying
process, the use of strong acid, the use of surface passivating agents to improve water
solubility or luminescence properties, which can produce many hazardous byproducts.
Hydrothermal carbonization (HTC) is a “green”, facile and effective synthesis approach to
produce photoluminescence CDs from natural product, including orange juice112, soy
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milk113 and Bombyx mori silk114. Laser ablation in liquid (LAL) is an effective technique
to produce nanomaterials with various functionalized nanostructures

30–32

. Laser ablation

of a carbon target immersed in water or solvent can lead to the formation carbon-based
nanoparticles 115–117.
The chemical structures of CDs determine their PL characteristics. There are two
competing mechanisms controlling the PL characteristics of CDs. The first one is the band
gap associated with sp2 hybridized nanodomains, which is dependent on the size of carbon
nanoparticles and determines intrinsic emission. The distribution of the sp2 domain sizes
plays an important role in the emission of CDs

118

. The other one is the surface state

determined by surface-functional groups, and the associated emission is referred to as
extrinsic emission 34,118. Other factors, which can affect the PL behavior of CDs, include
the conjugated π-domains determined by carbon core structure, molecule state, carbon-core
state, the crosslink enhanced emission, zigzag/armchair edges and carbon vacancy 119,120.
However, there are few studies on the CDs derived from the same precursors, which exhibit
different PL characteristics with and without surface-functional groups.
Most CDs are generally heterogeneous and multidispersed, and exhibit multicolor
emission under the excitation of single wavelength 11. It is very difficult, if not impossible,
to reveal the effects of chemical structures and surface-functional groups on the PL
characteristics of CDs, which can limit the applications of CDs.
In general, the morphology and size of CDs produced from the HTC process are
dependent on the concentration of precursors, reaction duration and reaction temperature
121

, and post-processing at high temperatures can alter the chemical structures of carbon
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nanomaterials. For example, Lingam et al.122 studied the effects of annealing and
passivating on the edge-states of graphene quantum dots, and found that the PL intensity
of the graphene quantum dots from the edge state decreased with increasing annealing
temperature in vacuum (~1 mbar) and quenched at 250 °C in hydrogen atmosphere. They
suggested that the edge passivation due to annealing led to the quenching of the PL signal.
With the potential applications of CDs, it is of paramount importance to tune the
chemical structures and surface-functional groups with controllable PL characteristics. The
purpose of this study is to explore the possibility of synthesizing monodispersed CDs with
and without surface-functional groups from xylose and to investigate the PL characteristics
of the prepared CDs. In this work, three processes, including HTC process, hightemperature annealing and laser ablation, are used in the synthesis of CDs. The morphology,
chemical states of elements and surface functional groups of the prepared CDs are
characterized. The mechanisms controlling the PL properties of the prepared CDs are
discussed.
3.2
3.2.1

Experimental section

Hydrothermal carbonization

The solution for hydrothermal carbonization was prepared by dissolving ~ 10 g xylose
in 50 mL distilled water, which was then transferred to Teflon-lined autoclave and sealed.
The HTC process was carried out in an oven which is pre-heated at 200°C for 6 hours.
After cooling to the room temperature, the HTC product was separated by centrifugation
at 6000 rpm for 30 min to collect the precipitate which then washed with distilled water
37

several times. The precipitate was dispersed evenly in DI water using ultrasonic cleaner
and then filtrated through syringe filter with pore size of 450 nm. Finally, the resultant
filtrate was obtained, which was named as HTC-CDs.
3.2.2

High-temperature annealing
The annealing process was carried out in a horizontal quartz tube furnace. The dried

HTC-CDs was loaded on a quartz boat and positioned at the center of hot zone of the
furnace. Argon gas was introduced into the horizontal tube in order to purge the system for
30 min at 300 standard cubic centimeters per minute (SCCM) flow rate. After that, the
system was heated up to the annealing temperature of 850 °C with a ramping rate of 20 °C/s
under constant argon (Ar) at 50 SCCM in flow rate and kept at 850 °C for 2 h. Then the
furnace was cooled down to the room temperature automatically. The black carbon
powders were collected and dispersed in deionized water, then filtered with syringe filter
of 450 nm, which was named as Annealed-CDs.
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3.2.3

Laser ablation in NH4OH solution

Figure 3. 1 Schematic illustration of laser ablation set-up in liquid.
Figure 3.1 illustrates a typical experimental setup for laser ablation in liquid. A pressed
pellet of annealed carbon powders in diameter of half inch was placed at the bottom of a
glass vial as the target and is rotated on the rotating stage for the whole ablation process to
avoid a deep ablation trace, as shown in Figure 3.1. The detailed laser ablation process is
as below.
A mixture of ~0.06 g annealed carbon powders and 20 wt.% Teflon powder was
heated up to 110 °C and kept for 1 h in order to wait for Teflon softening and working as
binder, which was then pressed into a circular pellet at 6000 psi for 5 min. The pressed
pellet was transferred into self-made vial container with quartz window onto a rotation
stand in order to have a uniform ablation. 3 ml 5 vol% NH4OH solution was added to
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submerse pellet to the height of 2 cm. The laser beam was adjusted via prism and then lens
as shown in Fig. 1 to the diameter of 2 mm. Here quartz window lid was used to minimize
the loss of NH4OH solution due to evaporation. The pulse width was 1-2 ns and the
repetition rate was 50 Hz. The pressed pellet was laser ablated with 100 mJ/p of 532 nm
for 1 h in 5 vol% NH4OH solution. After ablation process, liquid layer was collected and
filtered with a 450 nm syringe filter prior to analysis. NH4OH was evaporated completely
and then 4 ml DI water was added to disperse ablated particles well by ultra-sonication for
1 h to keep solution under neutral condition. The obtained samples were named as LACDs.
3.2.4

Characterization

The PL characteristics of the CDs were analyzed on a fluorometer (HORIBA,
Fluoromax-4) with a 120 W xenon lamp as the excitation source of light, and the absolute
quantum yield (DY) of the CDs was determined on a spectrofluorometer (Horiba
Fluoromax-4) with integrating sphere. UV-Visible absorption spectra of the CDs were
obtained on an UV-Visible spectrophotometer (Thermal Scientific Evolution 201). A
quartz cubic cell of 1 cm in light-path was used for the measurements of both
photoluminescence and UV-Vis absorption. Fourier-transform infrared spectroscopy (FTIR) spectra of the CDs were collected on a Fourier transform infrared instrument (Nicolet
iS50, Thermo Scientific) in a wavenumber range of 400 cm-1 to 4000 cm-1 at a resolution
of 4 cm-1. Time-Correlated Single-Photon counting (TCSPC) was used to examine the PL
lifetimes of the CDs on a DeltaHub™ with a 393 nm pulsed NanoLED excitation source,
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and the Horiba Scientific Decay Analysis Software was used to fit the TCSPC curves. All
the measurements were performed at room temperature.
3.3
3.3.1

Results

Morphological and size characterizations

Figure 3. 2 TEM images of xylose-derived CDs: (a) HTC-CDs, (b) Annealed-CDs, and (c)
LA-CDs; the size distribution of the xylose-derived CDs: (d) the HTC-CDs, (e) AnnealedCDs, and (f) LA-CDs.
Figure 3.2a-c shows TEM images and SAED (selected area electron diffraction)
patterns of the xylose-derived CDs, including HTC-CDs, Annealed-CDs and LA-CDs.
According to Fig. 1a-c, all the carbon nanoparticles are presented in sphere-like shape. The
shape of carbon nanoparticles after the annealing and laser ablation remained relatively
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unchanged, suggesting relatively stable topologies of the HTC-CDs. Both the annealing at
high temperature and the laser ablation did not cause any significant change in the
topologies of carbon nanoparticles.
It is evident that the SAED patterns embedded in Fig. 1a-c exhibit a broad hump and
no sharp diffraction peaks appear. All the carbon nanoparticles derived from xylose are
amorphous, regardless of the annealing at high temperature and the laser ablation in the 5
vol% NH4OH solution.
From the TEM images, we used the software of ImageJ to obtain the size distribution
of the prepared carbon nanoparticles. Figure 1d-f depicts the histograms of the size
distribution of the carbon nanoparticles of the HTC-CDs, Annealed-CDs and LA-CDs,
which are presented in a λ-shape. The histogram of the HTC-CDs is similar to that of the
LA-CDs with a long tail, while the histogram of the Annealed-CDs exhibits a long front.
Using the histograms, we obtain average particle sizes of 4.72±0.72 nm, 4.44±0.73 nm and
4.23±1.66 for the HTC-CDs, Annealed-CDs and LA-CDs, respectively. The HTC-CDs
have the largest average particle size, and the LA-CDs have the smallest average particle
size. Both the annealing at high temperature and the laser ablation led to sight decrease of
average particle sizes. There is no significant difference in the range of the particle sizes
between the HTC-CDs and Annealed-CDs, while the laser ablation increased the range of
the particle sizes more than two times of that for the HTC-CDs and Annealed-CDs. The
small range of the particle sizes for the HTC-CDs and Annealed-CDs suggests that both
the HTC-CDs and Annealed-CDs can be approximated as monodispersed, and the large
range of the particle sizes for the LA-CDs reveals that the LA-CDs are multidispersed.
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3.3.2

Optical characterizations

Figure 3. 3 Photoluminescence spectra of: (a) HTC-CDs, (b) Annealed-CDs, and (c) LACDs. (d) UV-Vis absorbance spectra of different xylose-derived CDs.
Figure 3.3a-c shows the PL spectra of the xylose-derived carbon nanoparticles
prepared by three different processes. Both the HTC-CDs and LA-CDs exhibited strong
emission under UV-visible light, revealing the broad PL characteristics of the HTC-CDs
and LA-CDs. The strongest emission peaks for both the HTC-CDs and LA-CDs are present
under the UV lights of 330, 360 and 390 nm in wavelength. Note that the HTC-CDs
exhibited green emission, and the LA-CDs exhibited strong blue emission. There is no
emission for the Annealed-CDs under UV-visible light.
According to Fig. 3.3a, exposing the HTC-CDs to UV-visible light in a wavelength
range of 300 nm to 480 nm led to strong fluorescent emissions, suggesting that the PL
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characteristics of the HTC-CDs is dependent on the excitation wavelength. The maximum
emission for the HTC-CDs appeared at 466 nm under the excitation of 360 nm, and the
corresponding FWHM is 123 nm.
The Annealed-CDs exhibited significantly different PL spectrum from the HTC-CDs
for the excitation wavelength in the range of 250 nm to 600 nm (Fig. 3.3b). The sharp peaks
represent the water Raman scattering 123 instead of the emission from the Annealed CDs.
The UV-visible light cannot excite the Annealed CDs to emit photons.
It is interesting to note that the LA-CDs exhibited strong fluorescent emission under
the irradiation of UV-visible light in the wavelength range of 250 nm to 480 nm (Fig. 3.3c).
The laser ablation of the non-emitted Annealed-CDs led to the recovery of the PL
characteristics. The maximum emission of the LA-CDs appeared at 464 nm under the
excitation of 390 nm, and the corresponding FWHM is 94 nm. Under the excitation of 360
nm, the emission wavelength of the LA-CDs is 446 nm instead of 466 nm for the HTCCDs. Such a result reveals that the LA-CDs possess different PL characteristics from the
HTC-CDs. The laser ablation of the Annealed-CDs in the 5 vol% NH4OH solution likely
introduced surface-functional groups on carbon nanoparticles, resulting in the recovery of
the PL characteristics, which are different from the HTC-CDs.
The difference in the PL characteristics among the HTC-CDs, the Annealed-CDs and
the LA-CDs can be observed visibly for the optical images embedded in the corresponding
figures. The aqueous solution consisting of either HTC-CDs or LA-CDs exhibited lightyellow color (Fig. 3.3a and Fig. 3.3c) under natural light, and the aqueous solution
consisting of Annealed-CDs is transparent (Fig. 3.3b).
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Figure 3.3d shows the UV-Vis spectra of the HTC-CDs, Annealed-CDs and LA-CDs.
There are two peaks for the HTC-CDs; one is at 226 nm from the π-π* transition of
aromatic carbon rings, 4,113 and the other is at 277 nm from the n- π* transition of carbonyl
and other oxygen-containing groups 37.
In contrast to the HTC-CDs, the Annealed-CDs exhibited continuous absorbance in the
wavelength range of 200 nm to 700 nm and a weak peak at 367 nm. Such a result suggests
that the Annealed-CDs, as derived from the annealing of HTC-CDs at 850°C, is likely a
metallic, zero-bandgap materiel

118

with relatively few n- π* transition. The annealing of

the xylose-derived carbon nanoparticles at high temperature caused the change in the
chemical structures/states of the carbon nanoparticles and the loss of PL characteristics.
The LA-CDs exhibited a broad absorption with a peak at 270 nm and a long tail with a
small peak at 302 nm. The peak at 270 nm corresponds to aromatic π system or isolated
sp2-hybridized clusters within the carbon–oxygen matrix

105,124

. The corresponding

intensity of the peak is much smaller than that at 277 nm for the HTC-CDs. The small peak
at 302 nm can be ascribed to the complex transitions on surface, n-π* transition of carbonyl
and other oxygen and amino groups on the surface of CDs 37,125. The differences of the ππ* and n- π* transitions between the HTC-CDs and the LA-CDs suggest the difference in
the surface states as well as surface-functional groups.
The Time-Correlated Single Photon Counting (TCSPC) lifetime measurement was
conducted for both the HTC-CDs and LA-CD CDs under 393 nm irradiation. The emission
was recorded at 464, 487, and 474 nm, respectively, which are associated with the
wavelengths of the strongest emission for the HTC-CDs (487 nm) and the LA-CDs (464
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nm) and the wavelength of moderate emission (474 nm) for both the HTC-CDs and LACD CDs. The analysis of the scattering of a Ludox solution at the 393 nm excitation was
used to determine the instrument response function.
The PL decay curves of the HTC-CDs at the 487 nm emission and the LA-CDs-10%
at the 459 nm emission are depicted in Fig. 3.4a-b. Using a triple-exponential function of
N (t ) =
A + B1e − t / τ1 + B2 e − t / τ2 + B3e − t / τ3 (N(t): number of the photons emitted at time t, A:

baseline/noise level, Bi (i=1, 2, 3): proportional constants for the corresponding decay
functions, τi: lifetimes) 118, we curve-fit the PL decay curves. Both the fitting curves and
residues after curve fitting are included in Fig. 3.4a-b. It is evident that the tripleexponential function well describes the lifetime behavior of both the HTC-CDs and the
LA-CDs.
The lifetimes obtained from the curve-fitting are listed in Table 3.1 and depicted in
Fig. 3.5. There are three rate processes determining the lifetimes of the photon emission of
the HTC-CDs and the LA-CDs under the 393 nm excitation; one is dependent on the
intrinsic state of the CDs, and the other two are dependent on the extrinsic states of the
CDs. The lifetime, τ1, for the rate process controlled by the intrinsic state of the CDs 118 for
both the HCT-CDs and the LA-CDs is much smaller than the corresponding lifetimes, τ2
and τ3, for the rate processes controlled by the extrinsic states of the CDs. The rate process
associated with the lifetime of τ2 contributes about 50% to the PL decay.
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Figure 3. 4 TCSPC lifetime curves of xylose-derived CDs under 393 nm excitation: (a)
HTC-CDs with 487 nm emission, (b) LA-CDs with 464 nm emission (The red curves
represent fitting curves, and the insets represent the residues after curve fitting), and (c)
overlaid emission spectra of HTC-CDs and LA-CDs under 393 nm excitation.
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Table 3. 1 Lifetimes (τ1, τ2 and τ3) of the emission lights (λem) and the relative ratios
(Ri=Biτi/(B1τ1+B2τ2+B3τ3)) (%) for the HTC-CDs and LA-CDs under the 393 nm
excitation.

HTC-CDs

LA-CDs

λem (nm)

τ1 (ns)

464

0.60 (1) 33.9

3.03 (7) 48.8

8.62 (6) 17.3

474

0.59 (1) 34.4

3.03 (6) 48.1

8.93 (6) 17.5

487

0.64 (1) 35.1

3.12 (6) 48.4

9.57 (7) 16.5

464

1.01 (5) 19.5

4.07 (4) 53.6

11.63 (6) 26.9

474

1.14 (4) 19.8

4.33 (4) 52.8

11.85 (6) 27.4

487

1.05 (4) 17.6

4.28 (4) 52.1

11.81 (5) 30.3
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Figure 3. 5 Lifetimes (τ1, τ2 and τ3) of three different emissions:(a) 464 nm wavelength, (b)
474 nm wavelength, and (c) 487 nm wavelength.
48

Among the three emissions, the HTC-CDs exhibited the strongest emission at 487
nm with a lifetime of 0.64 ns and a relative contribution of 35.1% for the intrinsic state.
For the emissions of 474 nm and 464 nm in wavelength, there are no remarkable differences
in the relative contribution (34.4% and 33.9% for the emission at 474 nm and 464 nm,
respectively) and the lifetime (0.59 ns and 0.60 ns for the emission at 474 nm and 464 nm,
respectively) for the intrinsic state. Such results suggest good uniformity in the intrinsic
states for the HTC-CDs. Similar to the lifetimes from the intrinsic states, there are no
remarkable differences in the relative contribution and the lifetime from the corresponding
extrinsic state for the HTC-CDs.
At 487 nm emission, the deactivations due to functional groups on the surface of
CDs dominate with τ2 = 3.12 ns and τ3 = 9.57 ns contributing 48.4% and 16.5%,
respectively. Similar to τ1 intrinsic state, τ2 and τ3 do not change significantly with
decreasing the emission wavelength.
The LA-CDs exhibited different characteristics in the PL decay from the HTC-CDs,
as revealed in Fig. 3.5 and Table 3.1. The LA-CDs possessed the strongest emission at 464
nm with a lifetime of 1.01 ns and a relative contribution of 19.5% from the intrinsic state.
For the emissions of 474 nm and 487 nm in wavelength, there are slight differences in the
relative contribution (19.8% and 17.6% for the emission at 474 nm and 487 nm,
respectively) and the lifetime (1.14 ns and 1.05 ns for the emission at 474 nm and 487 nm,
respectively) for the intrinsic state. Note that the lifetime of the LA-CDs for the intrinsic
state is significantly less than that of the HTC-CDs, suggesting that the laser ablation
caused the change of the structures, such as the decrease in the fraction of the disorder
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associated with sp3 carbon, through the interaction between laser and the atoms on the
surface of carbon nanoparticles and introduced surface-functional groups. The decrease in
the fraction of the disorder associated with sp3 carbon leads to the decrease of non-radiative
pathways, resulting in the decrease of the deactivation rate

118

. The deactivation process

from the surface-functional groups exhibited the strongest contributions at τ2 of 4.04 nm
with 53.6% contribution. The lifetime for the slower deactivation is 11.63 ns with a relative
higher contribution of 26.9% at 464 nm emission than the HTC-CDs. There are remarkable
differences of τ2, τ3 and the corresponding contributions for the emissions at 474 nm and
487 nm. The surface-functional groups play the dominant role in the deactivation of LACDs with more that 80% in contribution.
3.4

Discussion

Table 3.2 summarizes the PL characteristics of the HTC-CDs, Annealed-CDs and
LA-CDs under the excitation of UV light of 330, 360 and 390 nm in wavelength. The
Annealed-CDs do not exhibit any PL characteristics under the excitation of UV light. It is
evident that the HTC-CDs exhibited different PL characteristics (emission wavelength and
FWHM) from the LA-CDs.
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Table 3. 2 Comparison of PL characteristics of the xylose-derived carbon nanoparticles.
HTC-CDs

Annealed-CDs

LA-CDs

Emission FWHM

Emission FWHM

Emission

FWHM

(nm)

(nm)

(nm)

(nm)

(nm)

330 nm

459

123

NA

408

112

360 nm

466

116

NA

446

111

390 nm

487

117

NA

464

94

Excitation

QYs (%)

0.07

NA

(nm)

2.83

* FWHM=Full width at half maximum
Under the excitation of UV light of the same wavelength, the HTC-CDs emitted
light (electromagnetic wave) with different wavelength and FWHM from the LA-CDs.
Comparing the emission wavelengths of the HTC-CDs with those of the LA-CDs, we note
that there always exists a blue shift in the emission wavelength under the excitation of the
same UV light. The largest blue shift of 51 nm under the UNV excitation of 330 nm is
likely due to the relatively strong electron affinity of N atoms in the LA-CDs 124,126 and the
increase in the fraction of crystallinity introduced during the LA processing. Note that both
the blue shift and the difference of FWHMs are excitation-dependent, qualitatively in
accord with the results reported in literature

53,103,127,128

. The PL QY of the LA-CD is

~2.83%, which is comparable with the QYs of luminescent carbon nanodots 10,113,129,130 and
much larger than 0.07% of the PL QY of the HTC-CDs.
As discussed in introduction, there are two competing mechanisms controlling the
PL characteristics of CDs: one is the intrinsic band gap from the confined sp2 conjugation
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in CDs, and the other is the extrinsic surface state 131. Either controlling the domain size of
sp2 conjugation or introducing surface-functional groups on CDs can tune the PL
characteristics of CDs. According to Fig. 3.2, the average particle sizes are 4.72±0.72 nm
and 4.23±1.66 for the HTC-CDs and LA-CDs, respectively. The relative difference of the
average particle sizes between the HTC-CDs and the LA-CDs is slightly larger than 0.1.
For such a small relative difference, we can approximately assume that there is no
significant difference in the domain sizes between the HTC-CDs and the LA-CDs. That is
to say, the difference in the PL characteristics between the HTC-CDs and the LA-CDs is
mainly due to the LA-induced surface-functional groups on the LA-CDs during the laser
ablation in a 5 vol% NH4OH aqueous solution, which alter the mechanism controlling the
PL characteristics of the LA-CDs. Note that the annealing of the HTC-CDs at high
temperature likely damaged/destroyed the confined sp2 conjugation in CDs, resulting in
the complete loss of the PL characteristics.
FT-IR and XRP analyses of the xylose-derived CDs were performed. Figure 3.6a
shows the XPS survey spectra of the HTC-CDs, Annealed-CDs and LA-CDs. The
Annealed-CDs exhibit similar XRS spectrum to the HTC-CDs without nitrogen. There are
peaks at 1074.1, 534.8 and 285.6 eV for all the three type of CDs, representing Na1s, O1s
and C1s, respectively. The presence of the Na1s peak is due to the residual of sodium from
the deionized water and glassware. In contrast to the XPS spectra of the HTC-CDs and the
Annealed-CDs, the XPS spectrum of the LA-CDs reveals the presence of nitrogen with the
N1s peak at 400.1 eV in the LA-CDs, suggesting that the laser ablation of the AnnealedCDs in the NH4OH aqueous solution introduced chemical reaction between carbon
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nanoparticles and NH4OH to form N-contained surface-factional groups on carbon
nanoparticles. It is the N-contained surface-factional groups on the LA-CDs that lead to
the “re-birth” of the PL characteristics of the LA-CDs and determine the PL behavior of
the LA-CDs.
Table 3.3 summaries the fractions of elements presented in all the three type of CDs,
which were obtained from the XPS analyses. All the three type of CDs possess large
fractions of carbon and oxygen. There is 6.0 at% of nitrogen on the LA-CDs. The fractions
of oxygen content contained in the xylose-derived carbon nanoparticles are 60.4 at%,
54.8 at% and 51.3 at% in the HTC-CDs, Annealed-CDs and LA-CDs, respectively. The
decrease in the fractions of oxygen content can lead to a tight shell of oxidized CDs with
oxygen-contained groups due to the oxidation of the graphitic carbon core. The increase of
the carbon content from 39.6% in the HTC-CDs to 45.2% in the Annealed-CDs reveals
that annealing of the HTC-CDs at 850 °C likely damaged/destroyed the surface structures
responsible for the emission of photons under UV light and increased the fraction of core
structure. The same chemical elements/bonds between the HTC-CDs and the AnnealedCDs and the disappearance of the PL characteristics of the Annealed-CDs suggest that
there exist differences in the chemical states of carbon and oxygen between the HTC-CDs
and the Annealed-CDs.
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Figure 3. 6 (a) XPS survey spectra, (b) high resolution O1s, (c) high resolution N1s;
deconvoluted high resolution C1s of (d) HTC-CDs, (e) Annealed-CDs, and (f) LA-CDs.
Table 3. 3 Element analysis of xylose-derived CDs from XPS analysis.
Element

HTC-CDs

Annealed-CDs

LA-CDs

C

39.6

45.2

42.7

N

─

─

6.0

O

60.4

54.8

51.3
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The deconvoluted spectra of O1s, N1s and C1s are depicted in Fig. 3.6b-f. It is evident that
both the HTC-CDs and annealed-CDs possess the same chemical bonds, while the fractions
of the chemical bonds are different. The annealing of the HTC-CDs at high temperature
did not cause the change in the chemical bonds associated with carbon, while it changed
the percentage of the chemical bonds presented near the surface of carbon nanoparticles.
Figure 3.6b shows the deconvoluted XPS spectra of O1s in all the three types of
CDs. The binding energies of O1s are 531.8, 533.8, and 532.8 eV for the HTC-CDs,
Annealed-CDs and LA-CDs, respectively, which represent C-O and C=O bands.
Figure 3.6c depicted deconvoluted XPS spectrum of N1s in the LA-CDs. The N1s
peaks at 398.6, 400.3, 401.5 and 402.4 eV reveal that nitrogen in the LA-CDs is presented
mostly in the form of pyridinic, amine, pyrrolic and graphitic state, respectively 132,133. The
blue shift in the emission wavelength of the LA-CDs in comparison to the HTC-CDs under
the same UV excitation can be attributed to amine state, which can emit shorter
wavelengths under UV excitation 95.
Figure 3.6d-f shows the deconvoluted XPS spectra of C1s in the HTC-CDs,
Annealed-CDs and LA-CDs, respectively. The C1s peaks at 284.3, 284.8, 286.0, 288.2,
and 289.2 eV for the HTC-CDs (Fig. 5d) can be assigned to carbon in the form of sp2C,
sp3C, C–O, C=O, and O–C O, respectively

103,127,134

. The same carbon states of sp2C

(284.3 eV), sp3C (285.1 eV), C-O (286.6 eV), C=O (288.2 eV) and O-C=O (289.8 eV) are
also observed for the Annealed-CDs (Fig. 3.6e). It needs to be pointed out that the ratio of
sp3C to sp2C for the HTC-CDs is 1.32, which is less than 1.63 for the Annealed-CDs,
suggesting that the LA-CDs have a smaller sp2 carbon domain than the HTC-CDs. This
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result is qualitatively in accord with the Raman results reported by Kim et al. 5 in the study
of the heat effect on the structural changes of double-walled carbon nanotubes. The
annealing of the HTC-CDs at 850 °C led to the formation of a large portion of
defects/disordered structures through structural changes, resulting in the extinction of the
PL characteristics in the Annealed-CDs.
The C1s peaks at 284.3, 285.0, 286.5, 288.0, and 289.5 eV for the LA-CDs (Fig.
3.6f and Table 3.4) represent the carbon in the form of sp2C, sp3C, C–O, C=O, and O–C
O, respectively. There is a peak at 285.8 eV, representing the C-N with a fraction of 18.5%.
This result again supports the formation of N-contained surface-functional groups on the
LA-CDs by the laser ablation. The peak at 294.4 eV is C-F, which is from the Teflon binder
during the laser ablation and has no effect on the PL characteristics.
Table 3.4 summaries the binding energies of the C1s related peaks and the fractions
of various carbons in the HTC-CDs, annealed-CDs and LA-CDs, as determined by the XPS
deconvolution analyses.
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Table 3. 4 Binding energies of C1s related peaks and fractions of various carbons in HTCCDs, annealed-CDs and LA-CDs, as determined by XPS analysis.
Assignment HTC-CDs

Annealed-CDs

LA-CDs

(Bing Energy, eV) (Bing Energy, eV) (Bing Energy, eV)
sp2C

15.1 (284.3)

10.0 (284.3)

4.2 (284.3)

sp3C

20.0 (284.8)

16.3 (285.1)

14.1 (285.0)

C-O

50.6 (286.0)

51.3 (286.6)

49.2 (286.5)

C=O

9.6 (288.2)

13.7 (288.2)

0.8 (288.0)

O-C=O

4.7 (289.2)

8.7 (289.8)

13.2 (289.5)

C-N

─

─

18.5 (285.8)

Figure 3.7 shows the normalized FT-IR spectra of the HTC-CDs, annealed-CDs
and LA-CDs. All the three xylose-derived CDs exhibit an individual strong and broad
absorption band peaked at 3388 cm−1, 3398 cm−1 and 3363 cm−1, corresponding to O-H,
O-H and O-H/N-H stretching vibration for the HTC-CDs, Annealed-CDs and LA-CDs,
respectively. The presence of the O-H and O-H/N-H stretching vibration suggests that all
the three xylose-derived CDs are hydrophilic 135. The normalized intensity of the O-H peak
in the HTC-CDs is stronger than the annealed-CDs and LA-CDs, which is consistent with
that the HTC-CDs possessed the largest fraction of oxygen (60.4 at%), as listed in Table
3.3.
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Figure 3. 7 FT-IR spectra of xylose-derived CDs (Black: HTC-CDs, Red: Annealed-CDs,
and Blue: LA-CDs).
There are two weak peaks at 2930 cm−1 and 2876 cm−1 for the HTC-CDs,
corresponding to the C-H bond stretch vibrations. Similar to the HTC-CDs, both the
Annealed-CDs and LA-CDs exhibit two weak peaks at (2918 cm−1, 2850 cm−1) and (2915
cm−1, 2845 cm−1), respectively 125,130,136. A strong CH3 stretch band appears at 1369 cm−1,
1361 cm−1 and 1379 cm−1 for the HTC-CDs, Annealed-CDs and LA-CDs, respectively 118.
The xylose-derived CDs possess a strong broad stretch band of C-O at 1085 cm−1 for the
HTC-CDs and at 1034 cm−1 for the Annealed-CDs, and of C-O/C-N at 1052 cm−1 for the
LA-CDs. There is a medium broad C=O stretching band at 1658 cm−1 for the HTC-CDs, at
1655 cm−1 for the Annealed-CDs and at 1668 cm−1for the LA-CDs

118

. In contrast to the

HTC-CDs and Annealed-CDs, the LA-CDs exhibit N-H bend vibration at 1615 cm−1 and
C-N stretch vibration at 1259 cm−1 125,136, which support the presence of N-contained
surface-functional groups on the LA-CDs and are consistent with the XPS analysis. Both
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N-H bend and C-N stretch vibrations likely contribute to the photon emission under UV
light.
From the above analysis and discussion, the difference in the PL characteristics for
the HTC-CDs, Annealed-CDs and LA-CDs is mainly due to the surface-functional groups
with and without N, since there is no significant difference in the sizes of the carbon
nanoparticles. The HTC-CDs possess surface-functional groups with π-π* and n-π*
transitions, the Annealed-CDs have only few functional groups of n-π* transitions, and the
LA-CDs possess N-contained surface-functional groups with π-π* and n-π* transitions.
The C-contained surface-functional groups with π-π* transition and N-contained surfacefunctional groups with π-π* and n-π* transitions contribute the PL characteristics of the
HTC-CDs and the LA-CDs, respectively, and are responsible for the difference in the PL
characteristics between the HTC-CDs and the LA-CDs. The presence of N in the surfacefunctional groups leads to the blue shifts of the emission wavelength in comparison to nonN-contained surface-functional groups in the xylose-derived CDs. Figure 3.8 schematically
summaries the PL behavior, which are observed in this work, for the xylose-derived CDs
prepared with three different processes. It needs to be pointed out that the mechanism for
the PL characteristics of the HTC-CDs remains elusive, since both the HTC-CDs and the
LA-CDs exhibited similar structures with the same chemical states of elements on the
surface of carbon nanoparticles. The only difference observed in the work is that the π-π*
transition only appears in the HTC-CDs.
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Figure 3. 8 Schematic of the photon emissions of xylose-derived CDs under 360 nm
excitation.
3.5

Conclusions

In summary, we have synthesized carbon nanoparticles from xylose via three different
processes, including the HTC processing at 200 °C for 6 h, the combination of the HTC
processing at 200 °C for 6 h and the annealing at 850 °C in Ar for 2 h, and the combination
of the HTC processing at 200 °C for 6 h, the annealing at 850 °C in Ar for 2 h and the laser
ablation in a 5 vol% NH4OH solution at room temperature. The PL characteristics of the
xylose-derived carbon nanoparticles have been systematically studied, and the chemical
states of elements and chemical structures on the surface of the xylose-derived carbon
nanoparticles have been analyzed. This work presents a feasible approach to introduce
surface-functional groups on surface of nanoparticles via laser ablation. The following is
the summary of the results obtained in this work.
(1) Under UV excitation, the HTC-CDs exhibit green emission, the LA-CDs exhibit
blue emission, and there is no emission for the Annealed-CDs. The HTC-CDs
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exhibit the strongest emission at 487 nm under 360 nm excitation, and the LA-CDs
exhibit the strongest emission at 464 nm under 390 nm excitation.
(2) There is no significant difference between the particle sizes, which are 4.72±0.72
nm, 4.44±0.73 nm and 4.23±1.66 nm for the HTC-CDs, Annealed-CDs and LACDs, respectively. The LA-CDs have slightly broader size distribution.
(3) The annealing of the HTC-CDs at high temperature does not cause the change in
the chemical bonds associated with carbon, while it changes the percentage of the
chemical bonds presented near the surface of carbon nanoparticles.
(4) The laser ablation of the Annealed-CDs in a 5 vol% NH4OH solution at room
temperature introduces N-contained surface functional groups on the LA-CDs.
(5) The C-contained surface-functional groups with π-π* transition and N-contained
surface-functional groups with π-π* and n-π* transitions contribute the PL
characteristics of the HTC-CDs and the LA-CDs, respectively, and are responsible
for the difference in the PL characteristics between the HTC-CDs and the LA-CDs.
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3.6 Supporting Information

Intensity(a.u.)

375
413

5 vol% NH4OH

250nm
270nm
300nm
330nm
360nm
390nm
420nm
450nm
480nm
510nm
540nm
570nm
600nm

337
453
301
494
534

300

400

500

600

700

800

900

1000

Wavelength(nm)
Figure 3. 9 The Photoluminescence of 5 vol% NH4OH solution.
As seen in Figure 3.9 no PL emission is observed under various excited wavelength.
The sharp peaks were from water Raman scattering, indicating the background is non-PL
characteristic.

62

LA on annealed xylose

Intensity (a.u.)

532nm 0.1J/p 1h 2mm 0.45um

(b)

250 nm
270 nm
300 nm
330 nm
360 nm
390 nm
420 nm
450 nm
480 nm
510 nm
540 nm
570 nm
600 nm

532nm 0.2J/p 1h 2mm 0.45um

300 400 500 600 700 800 900 1000

250 nm
270 nm
300 nm
330 nm
360 nm
390 nm
420 nm
450 nm
480 nm
510 nm
540 nm
570 nm
600 nm

300 400 500 600 700 800 900 1000

Wavelength (nm)

Wavelength (nm)

0.1 J/p
0.2 J/p

1.0 (c)

Absorbance

LA on annealed xylose

Intensity (a.u.)

(a)

0.8
0.6
0.4
0.2

267 (n-π*)

0.0
200 300 400 500 600 700 800 900

Wavelength (nm)

Figure 3. 10 The photoluminescence of LA on Annealed-CDs in deionized water for 1h
with 532 nm wavelength and the spot size is 2 mm (a) under 0.1 J/p (b) under 0.2 J/p (c)
UV-Vis spectra of LA on Annealed-CDs under 2 different laser power.
As seen in Figure 3.10 (a) and (b) it is shown that all water Raman peaks without PL
emission. The reason is probably due to all or the majority of surface functional groups
were removed during annealing process, which is the key to fluorescent properties. It can
be seen from Figure 3.10 (c) only a small peak at 267 nm for both of samples, which is
probably due to n-π* transition of other oxygen-containing groups because of laser ablation
in water.
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Figure 3. 11 The photoluminescence of Annealed-CDs in 5 vol% NH4OH solution for 1 h
without laser ablation.
The sharp peaks in the photoluminescence spectrum are from water Raman
scattering in Figure 3.11, indicating very weak or no PL emission of Annealed-CDs directly
in 5 vol% NH4OH solution for 1 h.
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Figure 3. 12 EDX spectrum of HTC-CDs derived from xylose.
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As seen in Figure 3.12, the HTC-CDs derived from xylose is made of carbon and
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Figure 3. 13 PL spectra of laser-ablated Teflon in deionized water.
As seen in Figure 3.13, no PL emission from laser ablation in water on Teflon only.

65

CHAPTER 4 SOYBEAN-DERIVED BLUE PHOTOLUMINESCENT CARBON
DOTS
4.1

Introduction

Carbon dots (CDs), which are carbon-based quantum dots (CDs) 4, have attracted great
interest due to their unique properties, such as non-toxicity 6, eco-friendly 104, high watersolubility

137

, high chemical stability

emission wavelengths

106

52

, high photo-stability

, and low cost

129

105

, tunable excitation and

. CDs have been considered as a group of

important nanomaterials with potential applications in nanotechnology 36, electrocatalysis
113

, metal-ion detection 6, thermal sensor

138

, drug delivery

51

, and bio-sensing and bio-

imaging 4.
There are various methods available to synthesize CDs, including electrochemical
technique 25, oxidation 26,27, laser-ablation 28, microwave-assisted synthesis 36, pyrolysis 107,
and hydrothermal treatment

42

. Most of these methods are of being tedious and time

consuming, and need to use strong acids and/or surface treatment to improve their water
solubility and luminescence property. Hydrothermal carbonization (HTC), which can be
considered as “green”, has been used to produce photoluminescence CDs from biomass
(glucose, sucrose, citric acid),139 chitosa127, orange juice140, grass8 and soy milk113.
Swagatika Sahu et. al synthesized highly photoluminescent CDs from orange juice with
26% quantum yield via simple one-step hydrothermal carbonization under 120 ºC for 2.5
h, resulting in 1.5 nm to 4.5 nm spherical CDs with narrow distribution. Sen Liu et. al used
biomass grass as precursor and produced photoluminescent polymer nanodots in the range
of 3 to 5 nm in diameter through hydrothermal treatment under 180 ºC for 3 h, indicating
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an effective detection of Cu (II) ions with a low detection limit to 1 nM. In addition,
bifunctional blue emission fluorescent carbon nanodots were synthesized by hydrothermal
treatment of soy milk at 180 ºC, producing the diameter in the range of 13–40 nm with the
application in metal-free electrocatalysts for oxygen reduction. It has potential to
synthesize one-step self-passivated CDs, such as nitrogen-containing fluorescent CDs,
from biomass 6. Laser ablation in liquid (LAL) has been widely used to produce
nanomaterials with special morphologies, microstructures and phases and various
functionalized nanostructures

30–32

. Using glassy carbon plate

28

, graphite

29

, polymethyl

methacrylate (PMMA) 141 and a mixture of graphite powder and cement 10, carbon-based
nanoparticles with less side-products have been formed via LAL in different liquid
environments, including water, ethanol and acetone 116.
In general, there are two major mechanisms contributing to the PL emission of CDs;
one is the size-dependent bandgap, and the other is the surface states determined by
functional groups

34

. Other factors, such as conjugated π-domains, molecule states, and

crosslink-enhanced emission, need to be taken into account in the understanding of the PL
emission of CDs 131. Also, the PL behavior of CDs is dependent on pH and temperature 142.
Zhang et al.

142

studied the fluorescence of CDs made from glucose in the presence of

glutathione in the temperature of 15 to 90 ºC, and observed fluorescence color change from
dark blue to light blue and fluorescence quenching as the temperature increases. They
suggested that the presence of the fluorescence quenching can be attributed to the
aggregation of CDs that caused particle size increased from 2.6 ± 0.2 nm to 4.4 ± 0.2 nm.
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However, there are few studies focusing on the processing effect on the PL behavior of
biomass-derived CDs.
Considering the potential applications of CDs and the need to produce biocompatible PL materials for bio-imaging and bio-sensing, we synthesize CDs from
soybean residuals via two different methods. The first method uses one-step HTC process
to produce CDs directly from the soybean residuals; the second method uses multiple steps
to produce CDs from the soybean residuals, which consist of HTC processing, hightemperature annealing, and LAL processing sequentially. The purpose of using LAL
processing is to introduce functional groups on the surface of carbon nanoparticles and to
recover the PL characteristics of CDs/ carbon nanoparticles. Both methods can be
categorized as the group of top-down methods in contrast to the bottom-up methods. The
PL characteristics of the CDs produced by both methods are analyzed, and the mechanisms
for the PL behavior of the CDs are also discussed. The study in this work provides simple
routes to manufacture bio-compatible CDs from biomass.
4.2
4.2.1

Experimental

Hydrothermal carbonization

The materials used to produce CDs were ground soybean residuals and H2SO4 acid.
The ground soybean residuals were collected as the waste after the grounding of soybean
in water. A homogeneous suspension consisting of ~40 g of ground soybean residuals and
~ 5 mL of 1 wt.% H2SO4 aqueous solution was prepared and stirred ultrasonically. The
suspension was transferred into a Teflon-lined autoclave, which was then placed in an oven
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for the HTP processing at 200 °C for 20 h. After the temperature of the Teflon-lined
autoclave was cooled down to room temperature in air, a filtration method with filter papers
of 10 μm in average pore size was used to separate the HTC product. The filtrate was
further filtrated with filter papers of 450 nm in average pore size. The material collected
after the filtration was dried at 60 °C in a vacuum oven for 24 h, and the final product was
named as HTC-CDs.

4.2.2

High-temperature annealing

The high-temperature annealing was performed in a horizontal tube furnace with the
flow of argon gas. The quartz boat loaded with HTC-CDs was placed in the tube around
the center of the hot zone. Prior to heating, argon gas was flowed through the tube at a flow
rate of 300 SCCM for 30 min. Afterwards, the temperature of the furnace/system was
heated up to the pre-set annealing temperature, 850 °C, at a ramping rate of 20 °C/s with
the flow of argon gas at a flow rate of 50 and maintained at 850 °C for 2 h to anneal the
HTC-CDs. Following the annealing, the temperature of the furnace/system was reduced to
room temperature naturally in air. The black carbon powders, which formed in the quartz
boat, were collected and named as Annealed-CDs.
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4.2.3

Laser ablation in NH4OH solution

Figure 4. 1 Schematic illustration of laser ablation setup in liquid.
Figure 4.1 illustrates the process for the synthesis of CDs from the ground soybean
residual and the setup of laser ablation of annealed-CDs in NH4OH aqueous solution. Using
a prism and an optical lens shown in Figure 4.1, the beam size of laser was adjusted to ~2
mm. The laser wavelength was 532 nm, the pulse frequency was 50 Hz, and the dwell was
1-2 ns.
A mixture consisting of ~ 0.06 g annealed-CDs and 0.012 g Teflon powder was heated
to 110 °C and maintained at 110 °C for 1 h. Mechanical press of the heated mixture at 6000
psi for 5 min led to the formation of a circular pellet of ~1.27 cm in diameter and ~1 mm
in thickness. The circular pellet was transferred to a self-made vial container with a quartz
window for the laser ablation, and ~3 mL NH4OH aqueous solution was added to the vial
container to submerse the pellet to a depth of 2 cm. A quartz window lid was used to
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minimize the loss of the NH4OH solution during the laser ablation. The vial container was
placed on the top of the rotation stage. The rotation of the glass vial ensured each laser
pulse impinged on a fresh surface of the pellet.
The LAL processing of the annealed-CDs in the NH4OH solution was performed with
a pulse energy of 100 mJ for 1 h. After the LAL processing, the liquid remained in the vial
container was collected and filtered with a 0.45 µm syringe prior to analysis. After all
solvents were evaporated, 4 mL DI (deionized) water was added to the glass vial to form a
suspension, which was sonicated for 1 h at room temperature. NH4OH solutions of
concentrations of 5%, 15%, 20% and 30% in volume were used in the LAL processing.
The obtained LA samples were named as LA-CDs-x% with x representing the
concentration of the NH4OH solution.
4.2.4

Materials Characterization

The morphologies and microstructures of the prepared carbon nanoparticles were
characterized on a transmission electron microscope (TEM) (JEOL 2010F). ImageJ
software was used to analyze the TEM images and determine the distribution of particle
sizes for the calculation of average particle size. The XPS (X-ray photoelectron
spectroscopy) analysis of the prepared carbon nanoparticles was conducted on a Thermo
Scientific K-Alpha X-ray photoelectron spectrometer to determine the chemical states of
elements in the prepared carbon nanoparticles.
The PL characteristics of the prepared carbon nanoparticles were characterized on a
fluorometer (HORIBA, Fluoromax-3) equipped with a xenon lamp of 120 W as the light
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source. The absolute quantum yield (QY) was measured on a second fluorometer (Horiba
Fluoromax-4) equipped with an integrating sphere. A quartz cubic cell of 1 cm in the light
path, which was filled with a suspension consisting of the prepared carbon nanoparticles,
was used in UV-Vis absorption measurement, which was performed on an UV-Visible
spectrophotometer (Thermal Scientific Evolution 201). The Fourier-transform infrared
spectroscopy (FT-IR) analysis of the prepared carbon nanoparticles was conducted on a
Fourier transform infrared instrument (Nicolet iS50) in the wavenumber range of 400 to
4000 cm-1 at a resolution of 4 cm-1.
4.3
4.3.1

Results

Morphological and size characterizations

Figure 4.2 shows TEM images of the soybean-derived nanoparticles and the
corresponding size distribution. All the nanoparticles are in a polygonal shape (Fig. 4.2ac), suggesting that the annealing at high temperatures and the laser ablation did not cause
any significant changes to the morphologies of the nanoparticles. The selected area electron
diffraction (SAED) patterns embedded in the figures reveal that all the nanoparticles are
amorphous. The energy-dispersive X-ray spectroscopy (EDS) and XPS analyses of the
HTC-CDs shown in Fig. 4.10 and Table. 4.3 in Supplementary Information confirm that
the main component of the HTC-CDs is carbon. The annealing at the temperature of 850 °C
did not cause the conversion of amorphous carbon nanoparticles to nanocrystals, and the
LAL processing of the annealed-CDs also produced amorphous carbon nanoparticles.
The size distribution of the soybean-derived nanoparticles is depicted in Fig. 4.2d-f,
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which was determined from the TEM images via the software of ImageJ. Slight differences
are observed in the shapes of the size distribution among the HTC-CDs, annealed-CDs and
LA-CDs-10%. All the histograms are approximately in a λ-shape. The histogram of the
HTC-CDs has a long tail in the distribution; the histogram of the annealed-CDs is close to
Gaussian distribution; and the histogram of the LA-CDs-10% has a long front in the
distribution. The mechanism for the differences in the shape of the size distribution is
unclear and might be due to the effects of high-temperature annealing and laser ablation on
the motion of atoms. From the size distribution, we obtain the average particle sizes of the
soybean-derived nanoparticles as 11.02±3.29, 3.89±0.65 and 9.57±0.99 nm for the HTCCDs, annealed-CDs and LA-CDs-10%, respectively. The observed average particle sizes
are different from the amorphous CDs of 2.6 ± 0.2 nm made from glucose with glutathione
in a temperature range of 15 to 90 ⁰C by Wang et al. 142.
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Figure 4. 2 TEM images of soybean-derived CDs: (a) the HTC-CDs, (b) Annealed-CDs,
and (c) LA-CDs-10%; the size distribution of the soybean-derived CDs: (d) the HTC-CDs,
(e) Annealed-CDs, and (f) LA-CDs-10%.
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Optical characterizations
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Figure 4. 3 Photoluminescence spectra of: (a) HTC-CDs,
(b) Annealed-

CDs, and (c) LA-CDs-10%. (d) UV-Vis absorbance spectra of different soybean-derived
CDs.
Figure 4.3a-c shows the PL spectra of the soybean-derived CDs. It is evident that the
HTC-CDs exhibited strong fluorescent emission under the irradiation of ultraviolet (UV)
light with the wavelength in a range of 250 nm to 480 nm (Figs. 4.3a), indicating the broad
PL characteristics of both the HTC-CDs and LA-CDs-10%. The broad multicolor emission
can be usually attributed to the heterogeneity of CDs from structural variety 4 and broad
excitation range from ultraviolet light to visible light
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105

. There are three strong intense

emission peaks, which are excited by the UV light with the wavelengths of 330, 360 and
390 nm.
There are sharp emission peaks presented in the PL spectrum for the Annealed-CDs
(Fig. 4.3b), which are significantly different from those for the HTC-CDs and LA-CDs10% and more closed to those associated with the Raman scattering of the water 123. The
Annealed-CDs do not possess the PL characteristics under the irradiation of ultraviolet light.
In contrast to the Annealed-CDs, the LA-CDs-10%, which are the CDs derived
from the Annealed-CDs after the LAL processing, also exhibited strong fluorescent
emission under the irradiation of ultraviolet (UV) light with the wavelength in the range of
250 to 480 nm. The wavelength and FWHM (full width at half maximum) of the maximum
emission peak are 459 nm and 91 nm, respectively, under the irradiation of the UV light of
390 nm. Comparing the PL spectrum of the LA-CDs-10% with that of the HTC-CDs, we
note that there is a blue shift from 423 nm for the emission of the HTC-CDs to 411 nm for
the emission of the LA-CDs-10% under the irradiation of the UV light of 330 nm in
wavelength.
The difference in the PL characteristics can also be visibly observed from the insets in
Fig. 4.3a-c. Both the HTC-CDs and LA-CDs-10% were dispersed in DI water to form
suspensions, whose color is light-yellow under white light and blue under the UV light of
365 nm in wavelength. However, there is no color difference between the aqueous
suspension made from the Annealed-CDs and DI water under white light and the UV light
of 365 nm in wavelength.
The UV−Vis spectra of the HTC-CDs, Annealed-CDs and LA-CDs-10% are
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depicted in Fig. 4.3d. There are three peaks at 208, 253 and 293 nm for the HTC-CDs. The
peak at 208 nm is from the π-π* transition of the conjugated C=C band on the backbone of
carbon

130

, and the peaks of the broad absorbance at 253 and 293 nm are from the n-π*

transition of the carbonyl and other oxygen or nitrogen-containing groups 37. There is no
visible peak for the Annealed-CDs, which exhibited continuous-weak absorbance in the
wavelength range of 200 to 250 nm. Such a result suggests that the Annealed-CDs are of
metallic characteristics with zero bandgap 118.
For the LA-CDs-10%, there are a small shift of 219 nm for the peak corresponding
to the π-π* transition and an increase in the intensity for the peak corresponding to the nπ* transition. The strong and broad absorption band is over the range of 240 to 350 nm
with a peak at 269 nm, which can be ascribed to the complex transitions on the surface
from the n-π* transitions in the groups of C=O and/or C=OOH

4,113,128

. The long tail

extending to the visible light can be attributed to the amino groups on the surface of CDs
125

. Note that the LA-CDs-x% produced from the laser ablation of the Annealed-CDs in

the NH4OH solutions of different concentrations also exhibited strong absorption near 270
nm, which is attributed to n-π* transition, as shown in Figure 4.13f in Supplementary
Information. The significant differences in the wavelength and intensity for the peak
corresponding to the n-π* transition between the HTC-CDs and the LA-CDs-10% suggests
that the functional groups and the ratios of the functional groups are significantly different.
The other laser ablated CDs produced in NH4OH solutions of different concentrations
also have strong absorption band near 270 nm as shown in Figure 4.13f in the supporting
information. Between HTC-CDs and LA-CDs-10%, π-π* transition doesn’t shift
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significantly. However, the difference in the n- π* transition intensities and positions might
imply that the types of functional groups or the relative ratios of functional groups are
different.
In summary, all three CDs exhibit strong π-π* absorption; the HTC-and LAL-CDs
possess strong n-π* absorption, while there is no significant n-π* absorption from the
annealed-CDs. Coupling the UV-Vis absorption spectra with the PL spectra, we suggest
that the observed PL originates from excited states produced by the n-π* excitation or from
functionalized surface states.
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Figure 4. 4 TCSPC lifetime curves under the 393 nm excitation: (a) HTC-CDs for the 440
nm emission and (b) LA-CD-10% for the 459 nm emission (The red lines represent the
fitting curves, and the insets depict the residues for the fittings.); (c) overlaid emission
spectra of the HTC-CDs and LA-CDs-10% under the 393 nm excitation.
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The TCSPC (Time-Correlated Single Photon Counting) lifetime measurements were
performed under the irradiation of UV light of 393 nm in wavelength, and the emission
was recorded at 440, 452, and 459 nm since the HTC-CDs exhibit the strongest emission
at 440 nm, the LA-CDs-10% exhibit the strongest emission at 459 nm, and both exhibit
moderate emission at 452 nm. The instrument response function was determined from the
analysis of the scattering of a ludox solution at the 393 nm emission.
Figure 4.4a-b shows the PL decay curves of the HTC-CDs at the 440 nm emission and
the LA-CDs-10% at the 459 nm emission. It is known that the emission intensity is
proportional to the number of the emitted photos. According to Fig. 4.4a-b, we expect
similar behavior for the intensity of the emission light. Assume that the PL decay curves
can be described by a triple-exponential function as118
3

N (t )= A + ∑ Bi e − t / τi

(1)

i =1

where N(t) is the number of the photos emitted at time t, A and Bi (i=1, 2, 3) are constants,
and τi are the lifetimes. Using Eq. (1) to fit the PL decay curves in Fig. 4a-b, we obtain the
lifetimes of τi and the constants of Bi. The fitting curves are included in the corresponding
figures. It is evident that Eq. (1) can well describe the PL-decay behavior of the HTC-CDs
at the 440 nm emission and the LA-CDs-10% at the 459 nm emission.
Table 4.1 lists the lifetimes and the corresponding contributions obtained from the
curve fitting. It is evident that the PL decays of both the HTC-CDs and LA-CDs-10%
consist of three rate processes with the fastest one, τ1, attributed to the intrinsic state of the
CDs, and two slower processes, τ2 and τ3, attributed to decays of the extrinsic states
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associated with the surface functional groups118,143 on CDs. According to Table, the slower
process, τ2, contributes more than 50% to the PL decay.
Table 4. 1 Lifetimes (τ1, τ2 and τ3) of the emission lights (λem) and the relative ratio factors
(Ri=Biτi/(B1τ1+B2τ2 +B3τ3)) (%) for the HTC-CDs and LA-CDs-10% under the 393 nm
excitation.
τ1 (ns)

R1 (%)

τ2 (ns)

R2 (%)

τ3 (ns)

R3 (%)

440
452
459

1.21(3)
1.05(3)
1.14(4)

28.6
24.4
24.6

4.24(4)
4.23(4)
4.41(3)

52.8
55.0
55.1

15.0(1)
13.57(8)
14.01(7)

18.6
20.6
20.3

440
452

0.74(4)
0.76(4)

14.0
12.3

4.13(3)
4.18(4)

65.4
64.9

10.58(7)
10.31(7)

20.6
22.8

459

1.01(6)

12.2
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Figure 4. 5 Temporal evolution of quantum yield for the HTC-CDs under the 360 nm
excitation and the LA-CDs-x% under the 390 nm excitation (Each measurement took about
30 min. The fluorescence intensity was calculated by integrating over the wavelength range
of 340-700 nm for the HTC-CDs and 370-760 nm for the LA-CDs-x%.).
Figure 4.5 shows the temporal variation of QY of the HTC-CDs under the continuous
excitation of UV light with 360 nm in wavelength and the LA-CDs-x% under the
continuous excitation of UV light with 390 nm in wavelength. Each measurement took
about 30 min. For the HTC-CDs, the CDs possessed the largest QY at the first measurement,
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and the QY decreased gradually with the increase of the excitation time to 35.2% of the
initial QY after the continuous excitation of 150 min. Such behavior might be attributed to
the photobleaching likely associated with photo-induced changes in the structure of the
functional groups on the surface 144.
In contrast to the temporal variation of the QY of the HTC-CDs, the QY of the LACDs-x% is much stable under the irradiation of UV light, and did not exhibit significant
reduction over the 150 min excitation. For the LA-CDs-x% with x=5, 10, 20, and 30, the
QYs remained approximately unchanged. The LA-CDs-x% with the largest QY is the LACDs-15%, whose QY is compatible with the largest QY of the HTC-CDs, and there is only
11.5% decrease in the QY after 150 min. The mecahnisms for such behavior is unclear. It
might be due to the relatively unifrom sizes of the CDs and/or the strong bonding between
the functional grounds and the CDs after the LA processing.
4.4

Discussion

Table 4.2 summarizes the PL characteristics of the HTC-CDs, Annealed-CDs and LACDs-10% under the excitation of UV light of 330, 360 and 390 nm in wavelength,
respectively. All the Annealed-CDs, which were annealed at different temperatures in the
temperature range of 250 to 850 °C, did not exhibit any PL characteristics for all the three
excitation. It is known that there are two controlling mechanisms determining the PL
characteristics; one is the domain size inside CDs, and the other is the functional groups
over the surface of CDs. With the annealing temperature in the range of 250 to 850 °C,
there is no significant change in the microstructure (amorphous structure) of carbon
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nanoparticles, suggesting that annealing did not likely cause any significant changes to the
domain sizes in the HTC-CDs. Note that annealing did cause the change in the particle size
irregularly. Thus, it is the functional groups on the surface of CDs that play the key role in
the light emission of the soybean-derived CDs under the excitation of UV light.
Comparing the PL characteristics of the HTC-CDs with those of the LA-CDs-10%, we
note the differences in the emission wavelength and the FWHM. Such differences reveal
that the functional groups on the surface of the HTC-CDs are likely different from those
on the surface of the LA-CDs-10%. Annealing the HTC-CDs damaged/destroyed the
surface structures/surface function groups, resulting in the complete loss of the PL
characteristics. The LA processing of the Annealed-CDs in NH4OH aqueous solution
introduced “new” functional groups to the surface of the CDs, leading to the “re-birth” of
the PL characteristics. It is interesting that there are large fluctuations in the HWHM for
the LA-CDs-10%, which can likely be attributed to the fluctuations of the bandgap
associated with the functional groups and the disorder of crystallinity introduced by the LA
processing.
Table 4. 2 PL characteristics of the synthesized CDs.
HTC-CDs
Annealed-CDs
Excitation
Emission FWHM Emission FWHM
wavelength (nm)
(nm)
(nm)
(nm)
(nm)
330
423 ± 3
129
NA
360
440 ± 1
109
NA
390
452 ± 3
109
NA
QY (%)
4.46
NA
* FWHM=Full width at half maximum
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LA-CDs-10%
Emission FWHM
(nm)
(nm)
411 ± 3
122
448 ± 2
203
459 ± 2
91
1.81

Figure 4. 6 Schematic of the bandgaps of CDs under the 360 nm excitation and the
deconvolution bands (fitted with Gaussian function).
According Yu et al.

145

, the emission peak of CDs can be fitted with a two-Gaussian

function, assocaiated with the core state and surface state, as shown schematically in Fig.
4.6. From Fig. 4.3, we note that the wavelength for the emission peak with the largest
emission intensity is 440 nm for the HTC-CDs and 459 nm for the LA-CDs-10%. As shown
in Fig. 4.6, we note that both peaks indeed can be fitted with a two-Gassian function,
respectively. The fitting results reveal that the emission peak with the largest emission
intensity for the HTC-CDs can be fitted by a two-Gaussian function: the one with a high
energy band (the core band) has a peak at 430 nm and a FWHM of 69 nm, and the other
with a low high energy band (the surface band) has a peak at 478 nm and a FWHM of 118
nm, and the emission peak with the largest emission intensity for the LA-CDs-10% can be
fitted by two Gaussian bands: the core band has a peak at 442 nm and a FWHM of 83 nm,
and the surface band has a peak at 488 nm and a FWHM of 124 nm.
Integrating both the core band and the surface band, respectively, for the HTC-CDs and
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the LA-CDs-10%, we obtain the area ratios of the surface band to the core band as 1.6 for
the HTC-band and 1.0 for the LA-CDs-10%. Such a difference in the area ratios (1.6 VS.
1.0) reveals the important role of the “surface” states and surface-functional groups in
controlling the PL characteristics of the soybean-derived CDs. The FWHM difference
between the strongest emission peaks of the HTC-CDs and LA-CDs-10% is likely
attributed to the difference in the “surface” states and surface-functional groups.
In general, there are two possibile mechanisms contributing to the loss of the PL
characteristics of the Annealed-CDs: one is that the annealing damaged/destroyed the
surface states/surface functional groups, and the other is due to the irreversible change in
the energy gap induced by the annealing. It is known that the temperature dependence of
the energy gap for the fluoresence of CDs can be expressed as 146

Eg (T ) = Eg (0) − 2 S < hω > (e< hω> / kT − 1) −1

(2)

where Eg (T) is the energy gap at temperature T, S is the Huang–Rhys factor representing
the coupling strength between exciton and phonon, <hω> is the phonon energy, and k is
the Boltzmann constant. It is evident that increasing temperature leads to the decrease of
the energy gap. CDs become conductive at temperatures larger than the critical temperture
and lose the PL charactersistics, as demonstrated by the annealed-CDs due to the
irreversible change in the energy gap at high temperatures.
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Figure 4. 7 FT-IR spectra of soybean-derived carbon nanoparticles.
The PL characteristics of CDs depend on the structure and composition of the CDs, as
shown by the FT-IR spectra of the HTC-CDs, annealed-CDs, and LA-CDs-10% in (Figure
4.7). The FT-IR spectrum of the HTC-CDs is similar to that of the LA-CDs-10%,
suggesting the presence of similarly chemical bonding structures. For example, both CDs
possess the bands of O-H and N-H stretching vibration at 3344 cm−1 and 3366 cm−1 135,
respectively. The presence of the O-H and N-H groups makes the CDs hydrophilic and
improve the stability and dispersibility of the CDs in aqueous solutions. In addition, there
are -N=C=N, N=C=O stretching vibrations represented by the weak bands at 2156 and
2023 cm−1 for the HTC-CDs and 2155 and 2063 cm−1 for the LA-CDs-10% 147,148. The CH stretching vibrations are at 2931 and 2875 cm−1, respectively 106. The stretching bands
of the C=O/C=C bond are around 1706 and 1670 cm−1, respectively

149

, and the CH3

bending vibrations are at 1375 and 1389 cm−1, respectively 118. The stretching bands of the
C–N/C–O bond are at 1096 and 1117 cm−1 for the HTC-CDs and the LA-CDs-10%,
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respectively

118,147

. Also, there are weak bands in the range of 800 - 600 cm−1,

corresponding to the bending vibrations of C–O and C–N bonds. Note that the FT-IR
spectra of all the LA-CDs-x% reveal the presence of N-contained groups, as shown in
Figure 4.12f in Supplementary Information, suggesting that the LAL processing of the
annealed-CDs introduced N-based functional groups on the surface of CDs.
In contrast to the HTC-CDs and the LA-CDs-x%, the FT-IR spectrum of the AnnealedCDs does not have peaks in the range of 2165–2115 cm−1 and 2115–1988 cm−1, which are
associated with the presence of nitrogen. Such a difference reveals the importance of
nitrogen in controlling the PL characteristics of the soybean-derived CDs. It is the Ncontained functional groups that determine the PL behavior of both the HTC-CDs and LACDs-x%. Note that there is a new peak around 1600 cm−1 for the annealed-CDs, which is
attributed to aromatic C=C ring band 76,150.
As discussed above, the PL characteristics of the soybean-derived CDs are dependent
on the surface-functional groups. XPS analysis was performed to determine the chemical
states of elements on the surface of the soybean-derived CDs. Figure 4.8 depicts the XPS
spectra of the soybean-derived CDs. Table 4.3 in Supplementary Information lists the
chemical compositions on the surface of the soybean-derived CDs, as determined from the
XPS analysis. Both the HTC-CDs and LA-CDs-10% contain the elements of C, N and O:
10.3% of N, 6.1% of O and 73.6% of C in the HTC-CDs and 4.4% of N, 44.5% of O and
51.1% of C in the LA-CDs-10%. The ratios of N to C and O to C are 0.14 and 0.08,
respectively, for the HTC-CDs and 0.09 and 0.87, respectively, for the LA-CDs-10%. The
HTC-CDs is relatively N-rich, and the LA-CDs-10% is O-rich. The differences in the
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fractions of oxygen and nitrogen likely suggest that the surface-functional groups are
different between the two kinds of the CDs leading to the distinct PL responses under the
UV-vis irradiation. According to Fig. 4.8a and Table 4.3 in Supplementary Information,
there is no nitrogen presented in the annealed-CDs, in accord with the FT-IR measurements
shown in Fig. 4.7. This result confirms again the important role of nitrogen in the PL
responses of the soybean-derived CDs.
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Figure 4. 8 (a) XPS survey spectra, (b) deconvoluted high resolution spectra of O1s, (c)
deconvoluted high resolution spectra of N1s; deconvoluted high resolution spectra of C1s
of (d) HTC-CDs, (e) annealed-CDs, (f) LA-CDs-10%.
Figure 4.8b-4.8f shows the deconvoluted high resolution spectra of O1s, N1s and C1s
in the soybean-derived CDs. The binding energies of O1s are 532, 533, and 533 eV for the
HTC-CDs, annealed-CDs and LA-CDs-10%, respectively, which are deconvoluted to C-O
and C=O bands. For the HTC-CDs, the binding energies of N1s determined from the
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deconvoluted high resolution spectrum of N1s are 398.1, 399.3, 401.5, and 402.1 eV, which
are assigned to pyridinic, amine, pyrrolic and graphitic nitrogen, respectively

132,133

. For

the LA-CDs-10%, the binding energies of the corresponding N1s are 398.7, 399.6, 401.0
and 402.1 eV, respectively. Thus, both of the HTC-CDs and the LA-CDs-10% likely
possess the same types of the functional groups but with different fractions. The difference
in the fractions of the surface-functional groups leads to different PL characteristics.
For the HTC-CDs, the binding energies of C1s are measured to be 285.1, 286.2, 287.8,
and 289.3 eV, which are assigned to the C–C/C=C (sp3 and sp2), C–N (sp3), C=O, and O–
C O (sp2), respectively 103,118,127,134. The binding energies of C1s in the annealed-CDs are
285.6, 286.7, 287.9 and 289.8 eV, corresponding to the C–C/C=C, C-O, C=O and O-C=O
groups, while the binding energies of C1s in the LA-CDs-10%, are 294.8, 293.6, 289.3,
287.4, 286.3, and 285.3 eV, corresponding to the C-F3, C-F2, O-C=C, C=O, C-N, and C–
C/C=C groups, respectively 136. The presence of the C-F3 bond in the LA-CDs-10% was
from the Teflon binder used for the LAL processing. The Teflon binder has no effect on
the emissions, as shown in Figure 4.14 in Supplementary Information. It is evident that
both the HTC-CDs and the LA-CDs-10% possessed the C-N groups, which contributed to
the PL responses under the UV excitation.
Additional peaks at 1074.3, 687.1, 533.1, 400.8 and 286.4 eV in the XPS spectrum of
the LA-CDs-10% are attributed to Na1s, F1s, O1s, N1s and C1s. The presence of the Na1s
peak was due to the sodium residual presented in the glassware.
The XPS analyses of the LA-CDs-x% were also performed, as shown in Figure 4.1112 and summarized in Tables 4.4-5 in Supplementary Information. Similar to LA-CDs88

10%, all the other LA-CDs-x% exhibited a strong N1s peak in the range of 400-402 eV,
corresponding to the graphitic, pyrrolic, amine and pyridinic nitrogen. All of these results
suggest that the LAL processing of the annealed-CDs in NH4OH solutions is an effective
method for doping N to carbon nanoparticles, and the amount of doped-N can be simply
controlled by the concentration of the NH4OH solution.
According to Fig. 4.4a-b, there exist the PL decay of the HTC-CDs and LA-CDs-10%
for 440 and 450 nm emission, respectively, under the 393 nm excitation. By fitting the data
to a triple-exponential function, we determined the lifetimes for the corresponding rate
processes and the relative contributions, as listed in Table 4.1.
For the HTC-CDs, the strongest emission is at the wavelength of 440 nm. The lifetime
of the intrinsic state (τ1) at 440 nm emssion was 1.21 ns with the relative contribution of
28.6%. The lifetimes and the relative contributions of the intrinsic state (τ1) are (1.05 ns,
24.4%) and (1.14 ns, 24.6%) for the emissions with longer wavelengths at 452 and 459 nm,
respectively. For the 440 nm emission, the lifetimes and the relative contributions of the
surface-functional groups (τ1 and τ2) are (4.24 ns, 52.8%) and (15.0 ns, 18.6%),
respectively; for the 452 and 459 nm emission, the lifetimes and the relative contributions
of the surface-functional groups are [(4.23 ns, 55.0%), (13.6 ns, 20.6%)] and [(4.41 ns,
55.1%), (14.0 ns, 20.3%)], respectively. It is evident that the surface-functional groups
played a dominant role in determining the lifetime of the PL responses of the HTC-CDs.
From Table 4.1, we note that the strongest emission for the LA-CDs-10% is present at
459 nm, and the lifetimes for the intrinsic state and the surface-functional groups are
generally less than those for the HTC-CDs under the UV excitation of the same
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wavelengths. On the other hand, the relativel contributions of the surface functional groups
are larger than those for the HTC-CDs. That is to say, there are more contributions from
the surface-functional groups in the LA-CDs-10% than those in the HTC-CDs. The LAL
processing of the annealed-CDs likely increases the fractions of the surface-functional
groups responsible for the PL responses of the soybean-derived CDs.
According to the above discussion, we can conclude that the nitrogen-contained
functional groups play the key role in determining the PL responses of the soybean-derived
CDs. The LAL processing of the annealed-CDs in NH4OH solution successfully introduced
the surface-functional groups with nitrogen to the CDs, and all the LA-CDs-x% exhibited
the PL emission under the UV excitation with a wide range of wavelengths. Under the 390
nm excitation, the wavelengths corresponding to the maximum emission peaks are 464,
459, 463, 462, and 454 nm respectively for the LA-CDs-5%, LA-CDs-10%, LA-CDs-15%,
LA-CDs-20% and LA-CDs-30% (Figure 4.13). There is no significant difference in the
wavelengths corresponding to the maximum emission peaks. However, there exists the
dependence of the QY of the PL emission on the fraction/amount of nitrogen.
Figure 4.9 shows the variations of the atomic fraction of N and QY of the LA-CDs-x%
with the concentration of NH4OH. Both the atomic fraction of N and QY of the LA-CDsx% increase first with the increase of the concentration of NH4OH, reach the maximum,
and then decrease with the increase of the concentration of NH4OH. In general, the QY of
the LA-CDs-x% is a function of the fraction/amount of nitrogen. There exists a maximum
fraction of nitrogen, which can be introduced through the LA-activated surface-functional
groups to the Annealed-CDs. Note that the deviation of the QY trend from that of the N
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atomic fractions at high N contents implies that other factors (i.e., defects) may start to
influence the PL responses of the LA-CDs-x% with x ≥ 30%.
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Figure 4. 9 Variations of atomic fraction of N and QY of LA-CDs-x% with the
concentration of NH4OH.
4.5

Conclusions

In summary, we have synthesized carbon nanoparticles with different PL characteristics
from the ground soybean residual via the combination of hydrothermal carbonization,
annealing at high temperatures and laser ablation in NH4OH solution. The annealing of the
soybean-derived nanoparticles at high temperatures damaged/destroyed the surface
structures of carbon nanoparticles, removed the nitrogen-containing surface functional
groups, and resulted in the loss of the PL characteristics. The laser ablation of the annealed
soybean-derived nanoparticles in NH4OH solutions introduced N-contained surface91

functional groups, and the atomic fraction of dopped-N by the laser abaltion increased first
to a maximum and then decreased with the increase of the concentration of NH4OH. The
laser ablation of the annealed soybean-derived nanoparticles reduced the average particle
size and narrowed the size distribution.
Both the HTC-CDs and the LA-CDs-x% exihibited the PL characteristics under the
UV-Vis excitation due to the presence of N-contained surface-functional groups, even
though the PL responses under the UV excitation of the same wavelength were different.
The difference in the PL responses can be attribued to different amount of the N-contained
surface-functional groups, even though both the soybean-derived nanoparticles possessed
similar types of the surface groups. The atomic percetanges of nitrogen were 10.3% in the
HTC-CDs and 4.4% in the LA-CDs-10%, respectively. The quantum yield of the LA-CDsx% is a function of the N-fraction for the LA-CDs with up to 30% of N. The QY of the
LA-CDs-x% is more stable than that of the HTC-CDs under continuous UV excitation and
showed no significant reduction over the 150 min irradiation.
The results presented in this work reveal the important role of the surface-functional
groups in controlling the PL responses of CDs and shed insight into the PL mechanisms of
the CDs with N-containing surface-functional groups. This work offers a simple, green,
and effective strategy for surface N-functionalization of the carbon nanoparticles derived
from biomass and biowaste and for the production of carbon nanoparticles with stable PL
characteristics and excellent water-wettability.
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4.6

Supporting information
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Figure 4. 10 EDX spectrum of HTC-CDs.
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Figure 4. 11 XPS survey spectra of LA-CDs-x%.
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Figure 4. 12 Deconvoluted high resolution spectra of N1s: (a) LA-CDs-5%, (b) LA-CDs10% NH4OH, (c) LA-CDs-15%, (d) LA-CDs-20%, and (e) LA-CDs-30%; (f) FT-IR
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Figure 4. 13 PL spectra of LA-CDs-x%: (a) x=5, (b) x=10, (c) x=15, (d) x=20, and (e) x=30;
(f) UV-Visible absorption spectra of LA-CDs-x%.
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Figure 4. 14 PL spectra of laser ablated Teflon in deionized water.
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Figure 4. 15 PL spectra of annealed soybean at different temperatures with the flow of
argon gas for 2 h.
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As seen in Figure 4.15 (a), (b) (c) and (d), all water Raman peaks were obtained at
all excitation wavelength even thorough there are some little peaks showing at 330 nm
excitation wavelength and the intensity can be negligible relative to water Raman peaks.
No PL emission was found for the annealed CDs at 450°C for 2 h in the flow of argon. The
same observations on the CDs for annealing at 650°C.
Table 4. 3 Element fractions in the soybean-derived carbon nanoparticles calculated from
the XPS spectra.
C1s
73.6
60.0
51.1

HTC-CDs
Annealed-CDs
LA-CDs-10%

N1s
10.3
0
4.4

O1s
16.1
40.0
44.5

Table 4. 4 Element fractions in LA-CDs-x% calculated from the XPS spectra.
Element

C
N
O

LA-CDs-5%
Position at.%
(eV)
285.4
42.6
400.1
3.8
532.7
53.6

LA-CDs-10%
Position at.%
(eV)
286.4
51.1
400.8
4.4
533.1
44.5

LA-CDs-15%
Position at.%
(eV)
287.2
54.7
401.4
7.8
533.4
37.5

LA-CDs-20%
Position at.%
(eV)
285.2
38.9
400.3
4.7
532.4
56.4

LA-CDs-30%
Position at.%
(eV)
287.9
60.1
402.1
5.2
534.6
34.7

Table 4. 5 Area ratios of bond structures in LA-CDs-x% calculated from the XPS spectra.
Name/Area
Ratio%

Graphitic

Pyrrolic

Amine

Pyridinic

LA-CDs-5%
LA-CDs-10%
LA-CDs-15%
LA-CDs-20%
LA-CDs-30%

8.3
19.0
12.3
10.1
11.4

49.4
44.0
19.8
55.9
39.4

30.9
25.1
44.1
19.5
31.9

8.4
11.9
23.8
14.5
17.3

Absolute Quantum yield (QY) measurements with integrating sphere: The QY was
measured and calculated on Fluoromax-4 using integrating sphere according to the
following equation as below:
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P −P
Number of emitted photos
= b a
Number of absorbed photos Lb − La
Lb=Total number of incident photons, La=Total photos not absorbed by sample.

QY
=

Pa= “Dark signal” in the emission wavelength area, Pb=Total number of photons emitted
in emission wavelength area.
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Figure 4. 16 Photoluminescence spectra of: (a) LA on annealed-CDs in DI water for 3 h at
2 W, (b) LA on annealed-CDs in DI water for 7 h at 1.5 W, (c) LA on annealed-CDs in 1
M NH4Cl for 1 h at 1.5 W and (d) LA on annealed-CDs in 1 M NH4Cl for 5 h at 1.5 W.
As seen in Figure 4.16 no fluorescent properties were observed at all excitation
wavelength for all laser parameters listed above in pure DI water or in 1 M NH4Cl solution
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even though it is ablated at 1.5 W for 7 h, indicating there are no fluorescence character of
annealed CDs derived from soybean residual. The reason is probably due to all functional
groups on surface were removed during annealing process, which is the key to fluorescent
properties.
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Figure 4. 17 Photoluminescence spectra of HTC-CDs (a) filtered with 0.05 µm syringe
filter, (b) filtered with 0.1 µm syringe filter, (c) filtered with 0.2 µm syringe filter and (d)
filtered with 0.6 µm syringe filter.
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Figure 4. 18 The comparison of photoluminescence spectra of HTC-CDs (a) Emission
wavelength, (b) Full Width at Half Maximum (FWHM), (c) Normalized intensity.
As seen in Figure 4.17 and S4.9 no significant difference in emission wavelength,
FWHM and normalized intensity is observed when the measurements were conducted on
HTC-CDs, suggesting that particles that size under 0.2 µm of HTC-CDs play a role on the
PL under our experiment. Therefore, 0.45 µm syringe filter was used in our lab as it is the
common one.
In order to get a better understanding on how functional groups on surface affect
the PL properties. We studied the solvent effect on HTC soybean solution in different
percentage acetone and water solvent, i.e., 100% DI water, 70% DI water and 30% acetone,
50% DI water and 50% acetone, 30% DI water and 70% acetone, and 100% acetone.
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Figure 4. 19 Fluorescence emission spectra of laser ablated HTC carbon particles solution
from (a) 360 nm excitation wavelength, (b) 390 nm excitation wavelength, (c) 420 nm
excitation wavelength, (d) 450 nm excitation wavelength, (e) 480 nm excitation
wavelength, (f) 510nm excitation wavelength.
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Figure 4. 20 HTC-CDs solvent effect on (a) maximum emission wavelength and (b)
normalized intensity.
As shown in Figure 4.19 and Figure 4.20, when excited at 360 nm, 390 nm and 420
nm there are no significant differences on the maximum and FWHM of emission spectra.
However, when longer excitation wavelength (450 nm-510 nm) were applied, the
maximum of emission spectra is red-shift from pure DI water to pure acetone, especially
19 nm red shift at 510 nm excitation wavelength. The reason is probably due to the
difference of functional group on surface when dispersed in different ratio of solvent. Since
we measured the pure acetone solvent without any HTC soybean particles separately and
it is proved that no PL properties of acetone from 360 nm-510 nm as shown in Figure 4.14.
On the other hand, we can see from Figure 4.20(a) HTC-CDs is more reactive in DI
water when excited with short wavelength, 250 nm-390 nm, the intensity of emission is
increasing with increasing excitation wavelength from 250 nm to 360 nm and reached the
maximum intensity at 360nm excitation. However, once excited at longer wavelength, 390
nm-540 nm, HTC-CDs is more reactive in acetone. The most significant difference in
normalized intensity is more than 0.5 at 330 nm excitation as shown in Figure 4.20(b). The
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possible reason of different PL properties is that different functional groups or H bond
forming when HTC-CDs dispersed in different percentage solvent mixture.
(a)

(b)
561nm excitation

488nm excitation

Figure 4. 21 Fluorescence microscopy images of HTC–CDs isolated in polymer (PMMA)
film.
(a) Fluorescence image of CDs with excitation at 488 nm.
(b) The same field of view with 561nm excitation. Scale bar: 21 µm
In order to directly observe the fluorescence properties of multiple wavelengths
fluorescence measurements were conducted on isolated HTC-CDs in PMMA thin film.
HTC-CDs from soybean solution were mixed with poly (methyl methacrylate) (PMMA)
and then drop 30 µl on a transparent glass slide. The whole glass slide was dried in oven at
65°C for overnight. Wide-field fluorescence images were obtained with excitation at 488
and 561 nm, respectively. Figure 4.21 (a) and (b) shows representative fluorescence images
of PMMA thin film with HTC-CDs. Different numbers of strong emission particles were
observed in both above images. The Figure 4.21(a) indicates green emission and the Figure
4.21(b) indicates red emission, the observed wavelength dependent emission is consistent
with previous fluorescence spectra. As indicated in Figure 4.21, fluorescence microscopy
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images demonstrate that HTC-CDs have potential to be used in multicolor bio labeling and
bioimaging filed while mixed with PMMA thin film.
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CHAPTER 5 CONVERSION OF SOYBEAN WASTE TO SUB-MICRON POROUSHOLLOW CARBON SPHERES VIA A REAGENT AND TEMPLATE-FREE ROUTE
5.1

Introduction

Carbonaceous materials of submicron sizes offer practical and/or potential applications
in energy storage,151 bioengineering,152 pollution control,153 and catalysis154 among others.
These materials can be synthesized via efficient and economical hydrothermal
carbonization (HTC), and the HTC-synthesized particles from different precursors under
well-controlled hydrothermal conditions exhibit a variety of morphologies, including
carbon sphere,155 carbon fiber,156 carbon nanotube,157 and graphene.158,159 Beside
traditional, widely-used commercial chemicals (e.g., glucose,160 xylose,161 starch,162
cellulose163), biomass and food wastes are attracting great interests as precursors for
hydrothermal syntheses. Peanut shell,164 coconut shell,165 hemp, 166bamboo,167 rice,168 and
waste sugar169 have been used to derive carbonaceous materials via HTC. Tofu and
soybean milk are two favorite foods for people in East Asia, and are popular worldwide as
well. A great amount of ground soybean waste is thus produced from the production of the
soybean-based foods, and it would be desirable to convert this vast waste resource into
value-added products. In this work, we report the synthesis and characterizations of poroushollow carbon spheres from ground soybean waste. Hollow-spherical structure is formed
unexpectedly by the HTC process without template.
*Part of this chapter is reprinted with permission from Materials Today Energy 13
(2019): 50-55. Copyright © 2019 Elsevier B.V.
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The hollow-spherical structure remains unchanged after the heat treatment at 850 oC in
different media. However, the heat treatment leads to the increase of surface area, porosity,
and electric conductivity, which vary with the medium used in the heat treatment.
The template-free process is much simpler than conventional procedures, involving the
synthesis of particles of a core/shell structure with the core as a template, which is then
removed by etching

170,171

or annealing,172,173 to form hollow particles. The method

reported here may be extended to the syntheses of hollow carbon particles from other
biomass wastes.
5.2

Experimental details

The porous-hollow carbon spheres were synthesized by HTC, followed by annealing
at a high temperature. Ground soybean waste of ~40 g was added to deionized (DI) water
of ~30 mL with 1 ml 30 vol% H2SO4, and dispersed ultrasonically. The suspension was
poured into a Teflon liner, which was then sealed and placed in a steel autoclave. The HTC
processing took place in the Teflon liner at 200 °C for 20 h in an oven. After cooling down
to room temperature in the oven, the HTC-synthesized product was collected by filtration,
washed by DI water, dried at 80 °C for 12 h, and then treated in a tube furnace at 850 °C
for 2 h with the flow of different gaseous media, including N2, Ar, and mixture of N2 and
H2O steam (the flow rate of H2O steam was 0.1 mm3/s). The final product was collected
without further treatment.
The morphologies of the final products were characterized on a scanning electron
microscope (SEM, Hitachi S4300) and a transmission electron microscope (TEM, JEOL
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2010F). The surface properties of the final products were measured by a nitrogen
adsorption-desorption technique on an automated adsorption analyzer (Micromeritics
Surface Characterization, Norcross, GA). The structures were analyzed by X-ray
diffraction (XRD) using a Bruker-AXS D8 Advanced X-ray diffractometer equipped with
Cu Kα radiation (λ=1.5406 Å) and by Raman spectroscopy (Thermo Fisher Scientific)
equipped with a diode-pumped, frequency-doubled Nd:YVO4 532 nm laser.
The electrochemical properties of the final products were studied in a three-electrode
electrochemical cell. An aqueous suspension with a concentration of 10 mg/mL was
prepared from the final products. A droplet of ~3 μL of the as-prepared suspension was
dripped onto the surface of a circular carbon-glass current collector, which was dried at
60 °C for 20 minutes in vacuum to form a thin film with a loading mass of 0.03± mg. The
counter and reference electrodes were platinum-plate and Ag/AgCl, respectively. The
electrolyte was a 1.00 mol/L Na2SO4 solution. Cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) were performed on a Princeton
electrochemical workstation (PARSTAT MC).
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5.3

Results and discussion

Figure 5. 1 SEM images of the carbon spheres produced by HTC process: (a) before and
(b) after heat treatment with the flow of argon; TEM images of the carbon spheres: (c)
before and (d-f) after heat treatment with the flow of argon.
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Figure 5.1 shows SEM (a, b) and TEM (c-f) images of the HTC-synthesized carbon
particles before and the heat treatment with the flow of argon. The embedded plots in
Figure 5.1a and 1b depict the size distribution of the carbon spheres. The HTC-synthesized
carbon particles are spherical (Figure 5.1a) and hollow (Figure 5.1c). The heat treatment
reduces the sizes of the carbon spheres (Figure 5.1b) and introduces slight changes in the
topology with the formation of cavity-like structures (Figure 5.1b), while it does not change
the hollow structure of the carbon particles (Figure 5.1c and 5.1d). The average size of the
carbon spheres is 520 ± 13 nm prior to the heat treatment and 398 ± 10 nm afterwards.
Carbon spheres with single hole (Figure 5.1e) and twin holes (Figure 5.1f) are observed.
The average shell thickness is ~40 nm. The inset in Figure 5.1d is the selected area electron
diffraction of the shell, revealing that the shell of the hollow carbon spheres is amorphous.
Note that the hollow carbon spheres heat-treated in other gaseous environments have
similar structures and average particle size to the carbon spheres heat-treated with the flow
of argon.
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Figure 5. 2 Characterizations of the hollow carbon spheres: (a) XRD patterns, (b) Raman
spectra with D and G bands fitted with Gaussian lines, (c) nitrogen adsorption-desorption
isotherm, and (d) distribution of pore sizes calculated from the adsorption-desorption
isotherm via density functional theory for the heat-treated hollow carbon spheres.
Figure 5.2a shows XRD patterns of the hollow carbon spheres before and after heat
treatment in different gaseous environments, respectively. There is a broad peak at 2θ=~23°
for all the prepared hollow carbon spheres, confirming that the hollow carbon spheres are
amorphous. The small peak at 2θ=~43° for the heat-treated hollow carbon spheres,
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corresponding to the (100) plane of graphitic carbon, implies that the heat treatment
increases the crystallinity of the amorphous carbon.174,175
Figure 5.2b depicts Raman spectra of the HTC products and heat-treated hollow carbon
spheres. There are two Raman peaks present for all the materials; one represents the D band
caused by the presence of sp3 carbons, and the other is the G band from the sp2-carbon inplane vibration of graphite.176 The heat treatment causes the shift of both D and G bands.
The wavenumber of the D band shifts from 1371 cm-1 for the HTC products to 1344 cm-1,
1348 cm-1, and 1348 cm-1 for the heat-treated hollow carbon spheres in Ar, N2 and N2/H2O
steam, respectively, and the wavenumber of the G band is around 1582 cm-1 for all the
carbon spheres.
It is known that the integrated intensity ratio of I(D)/I(G) can represent the degree of
structural order and the density of edge planes in sp2-bonded carbon particles.177 Using the
Gaussian deconvolution, the integrated intensity ratios of I(D)/I(G) are calculated to be
3.04 for the HTC sample, 1.98 for the carbon spheres heat-treated with the mixture of N2
and H2O steam, 2.12 for the carbon spheres heat-treated with N2, and 2.09 for the carbon
spheres heat-treated with Ar, respectively. The band shift and ratio change due to the heat
treatment suggest that the heat treatment increases the structural order and average size of
the graphitic domains of the hollow carbon spheres.
Figure 5.2c depicts nitrogen adsorption-desorption curves of the hollow carbon spheres
heat-treated with the flow of three different gases. The isotherm curves of all the three
samples exhibit a Type I profile, indicating the presence of microporous structures and
narrow slit-like pores in the porous hollow spheres.178 From the nitrogen adsorption111

desorption isotherm, the size distribution of the pores is calculated and shown in Figure
5.2d. The pores in the hollow carbon spheres activated with the flow of the mixture of N2
and H2O steam have a broad distribution of the pore sizes in a range of 0.5 to 4 nm. The
pores in the hollow carbon spheres activated with the flow of N2 or Ar have relatively
narrow distribution of the pore sizes, and the pores in the carbon spheres activated with the
flow of N2 are generally larger than those in the carbon spheres activated with the flow of
Ar. These results reveal the formation of micropores in the hollow carbon spheres after the
heat treatment and the dependence of the porous structures on the gas used in physical
activation at high temperatures.
Table 5.1 summarizes the surface properties of the hollow carbon spheres. It is evident
that the physical activation at 850 °C for 2 h leads to the formation of porous structures and
the increase of surface area of the hollow carbon spheres. The surface area and porosity of
the carbon spheres activated with the flow of the mixture of N2 and H2O steam are
significantly larger than the carbon spheres activated with the flow of N2 or Ar, and the
largest pores are present in the carbon spheres activated with the flow of the mixture of N2
and H2O steam. H2O steam is an effective agent for the physical activation of carbon
microspheres. According to Table 5.1, N2 seems to be more effective than Ar in activating
carbon microspheres physically. Note that the pore volume for the large pores (> 50 nm)
may be attributed to the separation between microspheres.
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Table 5. 1 Surface properties of hollow carbon microspheres.
Material
Activated
carbon spheres
HTC product

Pore size distribution (%)
BET surface Pore volume
2
3
Gas
area (m /g)
(cm /g)
0-1nm 1-2nm 2-50nm >50nm
H2O+N2
1077.67
0.68
30.9
36.3
32.8
0
N2
161.95
0.07
54.6
25
0
20.4
Ar
85.85
0.04
50.7
20.6
0
29.7
N/A
1.91
0.01
N/A
N/A
N/A
N/A

Figure 5. 3 Electrochemical characteristics of porous-hollow carbon spheres: (a) CV curves
at a scan rate of 0.05 V/s, (b) CV curves at a scan rate of 1.0 V/s, (c) Galvanostatic chargingdischarging (GCD) curves measured at a current density of 1 A/g, (d) variation of specific
capacitance as a function of current density, (e) Nyquist plots at an open circuit voltage of
-0.2 V, and (f) an enlarged view of the Nyquist plots for the semi-circles.
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A three-electrode electrochemical cell was constructed to characterize the
electrochemical behavior of the heat-treated porous-hollow carbon microspheres. Figure
5.3a shows CV curves of the three different heat-treated carbon microspheres at a scan rate
of 0.05 V/s in a working voltage window of -0.2 V to 0.8 V (vs the Ag/AgCl reference
electrode). The CV curves exhibit quasi-rectangular shape for all the carbon microspheres
activated physically with the flow of different gases, indicating good capacitive behavior.
It is known that the area enclosed by the CV curve represents the storage of charges in
the working electrode. From Figure 5.3a-b, we can conclude that the porous carbon
microspheres activated with the flow of the mixture of N2 and H2O steam possess the
largest capacitance in accord with the presence of the significant amount of surface areas.
Figure 5.3b shows CV curves of the three different heat-treated carbon microspheres
at a relatively high scan rate of 1 V/s. The CV curves for the carbon microspheres activated
with the flow of N2 or Ar flows maintain quasi-rectangular shape, suggesting fast
migration/diffusion of ions into porous carbon microspheres even under a high scan rate.
Such behavior is in accord with the increase of the driving force with the increase of voltage.
However, a spindled CV curve is observed for the carbon microspheres activated with the
flow of the mixture of N2 and H2O steam, indicating less favorable capacitive behavior
under a high scan rate than under a small scan rate.
Figure 5.3c shows the galvanostatic charging-discharging (GCD) curves measured at
a current density of 1 A/g for the three different heat-treated carbon microspheres. Both the
charging and discharging curves are relatively linear functions of charging/discharging
time, and exhibit good mirror-symmetry, confirming good capacitive behavior of the heat114

treated carbon microspheres. There is no significant voltage drop (IR drop) for all the heattreated carbon microspheres at this current density, indicating that the heat-treated carbon
microspheres have good conductivity.
The specific capacitance is calculated from the discharging portion of the GCD
curve as
C=

2 I dV −1
( )
m dt

(2)

where I is electric current intensity, m is the mass of activated carbon microspheres on the
working electrode, and dV/dt is the slope of the discharge curve after the voltage drop.
Figure 5.3d shows the variation of the specific capacitance with the current density for the
carbon spheres activated with the flow of different gases. For the same current density, the
carbon microspheres activated with the flow of the mixture of N2 and H2O steam possess
a significant higher capacitance than the carbon spheres activated with the flow of N2 and
Ar. Such a trend revels the important role of the surface area and porous structures in
controlling the storage of charges in carbon microspheres. For all the electrochemical
systems, the specific capacitance decreases with the increase of the current density. The
carbon microspheres activated with the flow of the mixture of N2 and H2O steam have good
retention in capacitance, which is 143 F/g at 0.1 A/g and 123 F/g at 10 A/g measured at the
first circle. Table 5.2 summarizes the electrochemical properties of the carbon
microspheres activated with the flow of three different gasses.

115

Table 5. 2 Electrochemical properties of porous-carbon microspheres activated with the
flow of three different gasses.
Material

C0.1
(F/g)

C10
(F/g)

C10/C0.1

Rs
(Ohm)

Rf
(Ohm)

Gas
H2O+N2
143
123
0.86
1.79
9.02
Activated
N2
22
6
0.27
1.54
4.15
carbon spheres
Ar
8.4
2.8
0.33
1.44
2.04
Note: C0.1 is the specific capacitance measured at a current density of 0.1 A/g, and C10 is the
specific capacitance measured at a current density of 10 A/g at the first cycle.

EIS analyses of the three different activated hollow carbon microspheres in the threeelectrode electrochemical cell were performed at an open circuit voltage of -0.2 V and in
the frequency range of 0.01 Hz to 1 MHz. Figure 5.3e shows the Nyquist plot of the three
activated hollow carbon microspheres. It is evident that there is a sharp increase of –z′′ in
the region of low frequencies for all the activated hollow carbon microspheres, suggesting
that all the three activated hollow carbon microspheres possess good capacitive behavior
in accord with Figure 5.3a.
Figure 5.3f shows the enlarged view of the Nyquist plot in the range of high frequencies.
All the three activated hollow carbon microspheres have smaller resistance than the
carbonaceous electrode materials reported in literature.166 The semi-cycles presented in the
Nyquist plots in the range of high frequencies suggest that the working electrodes made
from the activated hollow carbon microspheres can be approximated as an electric system
consisting a resistance and a capacitance in parallel connection.
From Figure 5.3f, we can calculate the system resistance, Rs, including the intrinsic
resistances of electrolyte and the contact resistance between electrode and current collector,
and the resistance, Rf, to the migration of electrolyte ions in the pores of electrode materials
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from the intercepts of the Nyquist plots with the z′ axis. Table 5.2 lists the values of Rs and
Rf. There is no significant difference of Rss for all the three different carbon microspheres,
suggesting the consistence of the electrochemical cell structures. The carbon microspheres
activated with the flow of the mixture of N2 and H2O steam have the largest Rf, and the
carbon microspheres activated with the flow of Ar have the smallest Rf. Such a trend is
likely associated with the fraction of the pores with sizes larger than 50 nm. According to
Table 5.1, the carbon microspheres activated with the flow of Ar have 29.7% of pores with
sizes larger than 50 nm, and the carbon microspheres activated with the flow of the mixture
of N2 and H2O steam have no pores with sizes larger than 50 nm. The larger the pore size,
the smaller is Rf.
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Figure 5. 4 Variation of specific capacitance with BET surface area.
Using the data in Table 5.1 and 5.2, the variation of the specific capacitance with
the BET surface area is shown in Fig. 4. The specific capacitances measured at the current
densities of 0.1 A/g and 10 A/g increase with the increase of the surface area. Increasing
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the porosity and surface area can significantly increase the storage of charges in porouscarbon spheres per unit mass.
5.4

Conclusions

In summary, porous-hollow carbon spheres of submicron sizes have been synthesized
from soybean waste via a simple route without any templates. The simple route consists of
hydrothermal carbonization and heat treatment at 850 ºC with the flow of different gases.
The hydrothermal carbonization leads to the formation of hollow carbon spheres of
submicron sizes; whereas the heat treatment reduces the sizes of the carbon spheres,
improves structural ordering, and forms micropores in the hollow carbon spheres.
The porous-hollow carbon spheres exhibit good capacitive properties, which depend
on the gas used in the heat treatment. The carbon spheres heat-treated with the flow of the
mixture of N2 and H2O has the largest specific capacitance of 143 A/g and good capacitance
retention of 0.86. The carbon spheres heat-treated with the flow of inert gases (N2 and Ar)
have relatively low capacitances, and exhibit good capacitive behavior at high scan rates.
Such structures likely have potential applications in the supercapacitors with high charging
rates.
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CHAPTER 6 SUMMARY AND FUTURE WORK
6.1

Conclusions

This dissertation studied the photoluminescence mechanisms of carbon dots through
the combination of three methods-hydrothermal carbonization, high temperature annealing
and laser ablation in liquid. CDs with weak green PL emmision were obtanied by bottomup HTC of biomass xylose at 200 °C for 6 h and then emission disappeared after annealing
HTC-CDs at 850 °C in Ar for 2 h. Strong blue emmision were observed under 365 nm UV
via LAL on annealed carbon in a 5 vol% NH4OH solution. Compared to HTC-CDs, Ncontainning CDs through laser abation show broader size distributions, a significant blue
emision shift (i.e., 51 nm shift at 330 nm excitation) and the strongest peak PL centered
at 464 nm with 390 nm excitation. The fraction of the nitrogen-related functional groups is
responsible for the blue shifted emission as the average size of three different types of asprepared CDs are similar. Moveover, through Time-Corrected Single Photon Counting
measurement show that the intrinsic states lead to the fastest time decay, while the surface
functional groups have slower time decay. Additionally, nitrogen- doping CDs through
laser ablation in NH4OH solutions leads to slower deactivation of both intrinsic and
extrinsic states due to a higher degree of oxidation and a higher polarity.
On the other hand, we synthesized the CDs derived from waste soybean residuals
through a top-down HTC method. Nitrogen-contaning CDs with strong blue PL emission
were obtanied by the one-step HTC method from cheap and abundant waste-soybean
residuals, and then no PL properties was observed after annealing HTC-CDs under 850 °C
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in Ar for 2 h. Then through laser ablation on annealed carbon in NH4OH solutions blue PL
emission is retrived. Unlike traditional methods, the combination of hydrothermal
treatment, high temperature annealing and laser ablation were used to investigate the
chemicalstructure effect on the mechanism of PL of CDs. We have found that it is easy to
control N amount on CDs through combination of HTC, high temperature annealning and
laser alation in NH4OH solutions . Compared with the CDs through HTC method, laser
ablated CDs have smaller and more uniform sizes. The chemical structures, nitrogen
contents and PL mechanism of the CDs were investigated in detail. It is determined that Ncontaining functional group on the surface of CDs is essential for PL properties. In addition,
the QY increases as the increase of N atomic% up to a certain amount. The highest QY is
obtained by LA in a 15% NH4OH solution with the highest N atomic% among five different
concentrations of the NH4OH solutions. In addition, LA-CDs indicate a higher PL stability
in aqueous solution by the characteristic of photostability properties of resultant CDs, we
speculate that this is due to more homogeneous LA-CDs than the HTC-CDs from soybean
residuals.
To our best knowledge, it is the first observation that the photoluminescence of the CDs
can be quenched by removing the surface functional groups. Finally, the LA in NH4OH
method is used to doping passivation components to recover the PL. The combination of
hydrothermal treatment, high temperature annealing and laser ablation on the low-cost
biomass precursors is powerful to investigate effects of chemical elements and the
structure of the surface on the PL orgin of the CDs. We have found that it is feasibly to
introduce N containing functional groups on the surface of CDs, and in the meantime it
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could keep the particle size unchanged significantly through combination of HTC,
annealning at high temperature and laser alation to tune PL emission wavelength and their
QYs in simple biomass compound. In addition, we’ve also demonstrated that laser ablation
in liquid is a fast and clean technique to introduce nitrogen-doping CDs with PL properties.
The synthesized chemical structures, nitrogen contents and PL mechanism were
investigated in detail. It is revealed that N-containing surface functional group on the CDs
is essential for blue shifted emission and stronger PL properties.
Our work presents a new approach to synthesize controllable structured CDs and have
a better understanding on their mechanism of PL properties of CDs, which might provide
new venue for potential applications in optical biomedical sensing, cell imaging and drug
delivery. This is a new approach for controlling the PL of CDs. The characters of relatively
strong blue luminescence and toxicity-free properties make the CDS good candidates for
potential applications in various fields.
Moreover, porous-hollow carbon spheres of submicron sizes have been synthesized
from soybean waste via a simple route without any templates. The simple route consists of
hydrothermal carbonization and heat treatment at 850 °C with the flow of different gases.
The hydrothermal carbonization leads to the formation of hollow carbon spheres of
submicron sizes; whereas the heat treatment reduces the sizes of the carbon spheres,
improves structural ordering, and forms micropores in the hollow carbon spheres. The
porous-hollow carbon spheres exhibit good capacitive properties that depend on the gases
used in the heat treatment. The carbon spheres that are treated at high temperatures under
the flow of the mixture of N2 and H2O have the largest specific capacitance of 143 A/g and
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good capacitance retention of 0.86. The carbon spheres heat-treated under the flow of inert
gases (N2 and Ar) have relatively low capacitances, and exhibit good capacitive behavior
at high scan rates. Such porous-hollow structures likely have potential applications in the
supercapacitors with high charging rates.
This dissertation described a basic scientific study on optical and electrochemical
properties of the CDs from -xylose and soybean residuals. We believe other biomass
precursors can be used to synthesize other CDs with interesting fluorescent or
electrochemical properties. The as-prepared carbon particles dispersed into a PMMA film
show strong and stable fluorescence at 488 nm with 561 nm excitation. Fluorescence
microscopy images demonstrate that carbon materials can readily be used for multicolor
biolabeling and bioimaging while in a PMMA thin film. On the other hand, the annealed
carbon particles exhibit supercapacitor-like properties when they are charged rapidly,
which makes the as-prepared carbon particles a promising candidate for electrochemical
applications.
6.2

Future work

In this work, we’ve presented the study on the optical and electrochemical properties
of carbonaceous particles derived from xylose and soybean residuals. However, it is still
unclear if the PL originates only from chemical functional groups or the carbon backbone.
Therefore, further research may need to do to control the structures of the CDs and then
have a more specific understanding of the emission mechanism of PL.
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6.2.1

The effect of nitrogen sources and laser parameters on xylose-derived CDs in

laser ablation process
Xylose-derived CDs contain only carbon and hydrogen elements. In addition to
introducing nitrogen element through laser ablation in NH4OH, some other nitrogen
sources can also be considered. For instance, NH4Cl, ethylene diamine and pyridine could
be used as different sources of nitrogen on the study of the properties of PL. In addition to
different nitrogen sources , we could adjust laser parameters, like laser power, duration,
wavelength, and to investigate how these laser parameters will affect PL wavelength,
quantum yields, and lifetime.
6.2.2

Introducing nitrogen element during hydrothermal treatment process
On the other hand, nitrogen may be introduced to xylose-derived CDs in the

hydrothermal treatment by mixing certain amount of NH4OH solution with a raw xylose
solution. Then the properties of PL, absorbance, particle sizes and functional groups might
be changed via adjusting the concentration of NH4OH or the parameters of hydrothermal
carbonization.
6.2.3

Controlling particle size to adjust emission light
Up to now, only green and blue emission CDs were synthesized through our

materials and methods, it is likely to utilize different precursors or adjust parameters of
approaches to prepare red emitted CDs, which have a better penetration into biological
objects for biomedical applications.
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6.2.4

Preparation of the activated carbons with controllable morphologies and porous

structures
The electrochemical performances of the activated carbons are mainly determined by
the structures of the materials. As well-known, the porous structures of the activated
carbons significantly influence the migration of the electrolyte ions and effective access of
the adsorption sites on the surface and thus the formation of the electrochemical double
layer. Besides, the morphology of the activated carbons is another important factor that
affect the energy storage performances, as the ion migration pathway, the structure of the
electrode, the stability of the materials and electrode are all closely related to the
morphology of the activated carbons. Thus, optimum porous structures and morphology of
the activated carbon are expected to lead to high-performance energy storage devices with
high capacitance, excellent rate capability, low impedance, and good long-term stability.
In the future, preparing activated carbons with controllable porous structures and
morphologies by facile, low-cost and effective processing routes could be considered. The
porous structures can be controlled by adjusting the activation parameters, including the
temperature, type and amount of the activation agents, activation time, and the properties
of the biochar/hydrochar. All the above-mentioned parameters may be systematically
investigated. The morphology of the resultant activated carbons can be controlled both
during the hydrothermal and activation processes. The properties of the biomass,
concentration of the biomass, pH value of the HTC medium, carbonization process prior
to the activation, activation agent are all important factors influencing the morphology of
the activated carbons, which could be investigated. In addition, the electrochemical
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properties of the activated carbons with different porous structures and morphologies could
be examined to figure out the optimum candidate for practical applications.
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